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ATMOSPHERIC DEPOSITS IN BRITAIN 
A STUDY OF DINGINESS 


W. F. Carey 
Consultant to Head Wrightson Ltd.. Thornaby-on-Tees 


(Received 13 February 1959) 


Abstract—Since it has been estimated that equipment to provide cleanliness might cost 


over £500,000,000, discussions about the economics of treatment seem likely to de 


satisfying the public demand until some yardstick of cleanliness becomes accepted wide 


is a major aspect of the dust nuisance and is caused by a light deposit of atmospher 


f th 
the 


remains invisible as it accumulates until it covers more than about 0-4 per cent « 


zyround (Fig. 3). At intervals of about 10 days the depo 


coverage is a rational measure oO 


so that rate o f nuisance 


tional to the average number of clean days in ten, which ts a 


amenity of a district. When dust is discharged from chimneys 


fractions settle within a mile and the fines less than 30 » spread a 


tr 


mn if 
la if 


the ground which becomes objectionable in cities rather 
hun 


(a) Being pop lated densely, cities emit up to 
the country so that there is a corresponding in a in the concent 
(b) Dust deposited on vegetatior i€SS CONSPIC 


There is broad agreement Dety I ractical 


based on t yptics of deposited parti Howey 


ness tne 


systems of measuring ding 


coverages which have been obser 


Present pract in contro 


which will not 


the particles 
has been to 
it would appe 


coverage as described 


basis and there would be n rious Cc 


INTRODUCTION 
A LIGHT deposit of dust causes surfaces to assume a dingy appearance. This is a 
notorious feature of atmospheric pollution in Britain where there are hundreds of 
installations for treating chimney gases so as to control the deposits in 
bourhood. The rate of deposit depends upon the product of the falling 
suspended particles and of their concentration near the ground; it is cé 
treating chimney effluents to remove the large particles and by adjusting the 
of emission so that the exit concentration will be diluted by the wind before it spreads 
to the ground level. Judicious application of such measures implies some knowledge 
of the connexion between nuisance and deposit. The following study can be regarded 


as an approach to this important and controversial question 


2, FORMATION OF DUST DEPOSITS 
2.1. Spread of dust 
When a stream of cold smoke is discharged into the wind it establishes a horizontal 
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scale of the spreading is considerable so that rates of deposit measured at points 


100 yd apart do not differ provided that they are remote from large dust sources 


Mi isurement of deposit 
[he rate of dust deposit can be measured 
horizontal sheet ol clean white paper a 
carried out in a dusty roor The obser 


ddle of the pa 


3. VISIBILITY POSITS 

3.1 Single particles 

A surface often appears dusty, although the individual particles are too small to 
be distinguished. When it is viewed at a distance of 10 in., a circle 100 » (0-1 mm) in 
diameter subtends an angle of just over | 60 of a degree of angular measure and can 
scarcely be perceived; it cannot be focused at less than 10 in. and will appear smaller 
at greater distances and in consequence is the smallest dot visible to the human eye 
Furthermore, particles less than about | mm (1000 ,) will not be visible on the ground 


from the standing position. | mm particles fall at over 10 ft/sec and are about the 


largest particles likely to be discharged from chimneys; it seems therefore that dust 


deposits are revealed by differences in reflection since individual particles are too 


small to be perceived by the public 


3.2 Layer of single particles 
Surfaces which receive deposits of fine particles appear dirty when the cover ts 


sufficiently dense to reduce the reflection of light perceptibly. The least perceptible 
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cover concerns the sensitivity of the eye and can be evaluated by experiments with 
specially prepared patterns such as are shown in Fig. 3. If the charts in Fig. 3 are 
ince too great to perceive individual dots it will be found that when 
the contrast is strong, e.g. black on white, it 


‘ 


viewed at ad 
is possible to distinguish the clean circle 
dings when 0-2 per cent of the area is covered with dots 
contrast 0-4 per cent is the limiting coverage 


ts surroul 


with a 
weaker colour 


The effect is subjective, 


nor 1s it judge between coverages which differ by a factor of 


easy t 


2. Bearing in 
mind the difficulties of measurement it seems that values of 0-2 per cent for strong 
contrasts and 0-4 per cent for weak, apply to the majority of observers 


Deposited particles will rest on their two major dimensions and low critical cover- 
ages wil e 10 to 20 diameters apart 


Thus unless viewed very obliquely the 
fraction of the surface covered will be independent of the angle of view 


4. IMPERCEPTIBLE RATES OF DEPOSIT 


In Britain the atmosphere invariably contains dust which continually falls upon 
exposed surfaces ; in the absence of some cleansing agency all surfaces would become 


dirty and remain so permanently 


ES EXPOSED TO DUSTY ATMOSPHERI 


RBED 
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Ihe cleanliness of apartments is maintained by periodic dusting (Table | (a) 
whereby partic \ 


es settle from the atmosphere are swept up 


outdoor dust 
settles in the same way, but the deposits are removed by heavy rain (say, 0-1 in/hr 
2540 wh 


(Table 1 (b)) 


s thought to occur at average effective intervals of about 10 days 


[he colour contrast between the particles and the ground is usually 
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not very pronounced, so that if the atmosphere does not deposit a coverage of 0-4 
per cent in 10 days the deposit would seldom be visible; 0-04 per cent per day might 
be judged a tolerable rate of deposit because it would rarely be noticeable except in 
droughts, etc 

The situation described in Table | (a) is that of a room ventilated with an atmos- 
phere which deposits dust at a steady rate of 0-04 day, so that the surfaces (if 
undisturbed) appear clean for 10 days then dirty. Table | (b) considers the impression 
which will result from the same atmosphere out of doors: if each change of wind 


affected the rate of coverage, 0-04°,, day (or any other) would be a 10-day average 


which could be measured by timing the period of apparent cleanliness. It is seen that 


departures from the average interval between storms—10 days—exaggerate the degree 
of cleanliness or of dirtiness. These variations are not thought to be very important 
and their effects have been assumed to about cancel so that the public will deem 
tolerable a long-term rate of coverage whose deposits just become visible in 10 days, 


or whatever interval is found appropriate 


4.2 Rural districts 


Coverages four or five times as great as the critical figure of 0-04°,/day would 
probably escape notice when deposited on grassland and vegetation because 
(a) The area of the foliage is at least twice that of the surface of the ground which 
Supports it. 
(b) Much of the foliage is rarely stationary or horizontal so that some of the dust 
will fall directly on to the roots without adhering to it and some will soon be 
dislodged by the action of the wind 


TABLE 2. MAXIMUM COVERAGE LIKELY TO BE IMPERCEPTIBLE IN VARIOUS SITUATIONS 


Coverages on earth s 
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Rate of growth of deposited layer 
Concentration of Free falling speed (~/day) 
suspension (mg/m*) of particles 
SP. gr. =o Sp. g 


M ficm/sec) (0-864 o) Mf 0-432M/ 


M F (ft/sec) (26°4/c) MF 13-2MF 


The specific gravity of most solids is about 2 and they fall as shown in Table 5 


TABLE 5 FALLING SPEEDS OF SOLIDS (SP. GR <) IN ATMOSPHERIC AIR 


B.S.S. grade intervals 
Particulars Stokes region formula 
(Extrapolated) 


Diameter in microns 3 7 D 


Free n/se | (D/100)" 
falling 
speed 0-15 0-30 5 1-5 2 x (D/100)? 


Practically all solids are much denser than the atmosphere so that their fall varies 
as o, therefore the volume of the layer deposited is nearly independent of its specific 
gravity. This circumstance permits the values given in Table 5 to be used in estimat- 
ing the rate of growth of solid layers of any specific gravity. Furthermore in grades 
less than 76 » which fall more or less according to Stokes’s law, the rate of growth of 
deposit in microns per day for ground concentrations of | mg/m* is 


26°4 Diameter in microns)/100}* 


Deposit of mixed sizes 


[he rate of deposit from a cloud of mixed sizes can be found by summating the 


rates from the individual grades of size; the formulae in Table 4 can be applied a 


shown in Table 6 
TABLE 6. CALCULATION OF DEPOSIT FROM A CONCENTRATION OF 0-1 mg m°AT GROU?D 
Sample grading of cloud 
Mean falling 
Mean Within speed (ft sec) i 


Size range — 1-32 x (Falling speed 
. ze grade (See Table 5) 


Rate of deposit (yu day) 
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8.1.1 Single strip [he side view of the strip of city in I 
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And the ground concentration after N spans is the sum of those from 


source after 1-2, 3, ... N spans, viz 


Values of the ground concentrations for various values of N have been 


arithmetically and divided by the mean concentration to give the ratio 
(ground concentration) (average for the plume); 


these ratios have been plotted in Fig. 8 against a linear travel scale from | to 


and against a logarithmic scale over 10 to 1000 spans. After the first few 


plume average concentration will be about constant; the ground concentrati 


rapidly up to twice the plume average, more slowly to three times and then c 


to rise gradually. Using a rather different approach Lucas (195 
similar results and has suggested that H/ be taken as 30 ft, a 

used in Fig. 8 in preparing the lower scale of abscissae. It is unlikely that 
ground concentrations would be tolerated if the height of emission (//) wer 
less than 30 ft; it may be noted that, if the plume height were increased fi 
to 60 ft, the concentrations in the contact square and their pattern 
would not change, but the length of the span would be doubled as would tl 


for a given ground concentration 
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8.1.2 Vertical dust distributior An extended sour 
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tion of dust in the plume as well as its concentration at ground leve 


when dust is transferred from a uniform source the gradient of 


the resistance 
height were uniform (see Fig. 9 (a)). However, the speeds of natural winds 


be uniform between the fringe of the plume and the ground if 


near the ground where the resistance is greatest so that dc dh diminishes 
As the plume travels downwind (Fig. 10 (b) ) its depth becomes many t 
than the chimney height (30 ft) and 
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(a) The mean concentration approaches a limiting value 


rall resistance to transfer, the ground concentration and the ratio 
centration) (plume average) all continue to rise 

f a city the plume will attain a height equal to about 1/16 of the 

travel of one span downwind should suffice to convert 

to the linear configuration (Fig. 9 (c) ) normally 


piumes under unstead\ spreading conditions 
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dust is emitted uniformly from a square source orientated to the direction of the 


wind whose yawing action spreads the plume over an angie of about 7/§ 


Let ¢ Mean concentration of the dust in the 


Ground concentration in the city 


After travelling | city span downwind from the city 
width and its height so that mean concentration = ¢ 
dust distribution will change from that of a continuous t 
mean ground concentration over a 70° arc subtended at tl 

2x C/(2 x 1-4) =C/1-4 

During a 100-day period of 
360° arc =(C 1-4) x (70 360) =< 
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The 100-day average ground concentration at 2 city spans from its boundary 
ing for changes in wind direction=(city ground concentration)/{21-6 = (2 
—~ | per cent of the city ground concentration 

In view of this rapid dilution the influence of sou 


100 times the mean will be negligible except in thei 
8 | 4 Groups of cities isity of ¢ 
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159/60 not be an over-riding cause of visible deposits outsid 


Groups of cities pitched less than three spans apart 
ground concentration associated with very extensive sources. In additior 
tagonists of green belts may consider that a separation of three spans 
centres does not provide sufficient unpolluted area. Table 10 indicates the 


between the separation between cities and the unpolluted fraction of 
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The following comments amplify the information in Table 11 
(a) The distribution pattern of the urban 
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mainly by urban accretions since the eighteenth century; this has not caused town- 
ships to overlap their neighbours considerably: conurbations could be described as 
townships which have coalesced by growth 
(b) Significance of N thousands per mil \ € of 10,000 
implies a reasonable standard of urban comfort; it is equivalent to 
each of 4 persons per acre; if two-thirds of the city is occupied by servi 
housing, e.g. factories and shops, it is comparable with the council est 
12 houses acre. There are areas of | mile* in many large towns in Britair 
up to $0.000 persons 


(c) Interurban pollution. The quoted densities of the populations of 


(London, Birmingham, Glasgow, etc.) include their suburban district 


that the whole area will appear dirty. The townships appear to be cl 


average spacing is 12-5 miles, so that there will be clean country betweer 


but the polluted fringes of the larger will « 
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iry data, but some years may elapse before a useful body of results 
lable. Meanwhile it appears that the coverage theory agrees reason- 
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wobei die HOhe der Konzentrat« 
20 ( 
A 
‘ ( 
oetragt 
Dieser Wert A wird ch ab ir emmste vy | t \ reitung R 
der Rauchfahne einzig von Aust chkoeft ten ¢ 1. Richt 
durch Turbulenzelemente, cK Verhalt len Du es R hst i 
verden Gabei nicht Deruck ntiat Di Richt gsschwank Wind verd B 
eine Flac! ‘ iler Ko ratior halter Auf Grund theoretischer Erwagung M 
sungen (DiEM, 1956; Diem, 1957; Duem, 1958) sind wir deshalb d rgegang 
mittlere Kor tration tur N rechteck ber en Mittelpunkt 
Maximu! Al gt 1 ce Lang n W iricht g (it Richtung) 2 OOK j Breit 
n y-Richtung) 2 500 m betras W estir ten also nicht A less Ana P 
A ] 
A 4 
Der Zdhler der rechten Seite ergivt cn date iS chung (1) 
Dabei ist vor der Integration ler Mittelwertsatz angewendet und wie v« chon friiher 
erechnet (Diem und TRAPPENBERG, 1957) in 4 gesetzt worden. Der Fehler bleibt dadurc! 
unter 1/2 Pro 
Analog wird der Staut jerschlag berechnet. Dieser ergibt h am Boden nach TRAPPENBER 
(1957a) mit Hilfe der Gieichung ru 
> ; ex] } . CX] } 
( ( 
Daraus ergibt h ein punktfOrmiges Maximu ler Entier g 
ind die Menge des Stau lerschlage 
¢ 4-0:-Q- ( 
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wird wieder das Mittel iber das Normrechteck 
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Arbeit die am haufigsten vorkommenden Werte 


lamit die fruherer eiten von Diem und TRAPPEN 


werden verwendet den 
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Analog zu den | egungen bei der Konzentration i 
gediidet 
Der Zahle t Ausfihrung der Integratior 
5 = (p d 
j 
J. 
f j 
) 
AUSRECHNUNG 
Mit gael Gieichungen (4) und (Y) werdel gie miuttieren Kor 7Zentrationen bezw 
Staubniedersc ige uber del Norn recnteck Derecnnel Dabe nd bestimmte Wert 
fiir die meteorologischen Faktoren vorzugebet 
Bei unseren Messungen, deren Verdéffentlichung vorbereitet wird, fanden wir gro 
schwankungen meteoroiogiscnen xponenten (Zwi chen 10 und 1,5) ind des 
speziellen Aust chkoeffizienten (zwischen und 0,7 [cn (Diem, 195S¢ 
Wir benutze n dicscer 
BERG (1953) und Diem und TRAPPENBERG (1957), 
meteoro rISC Expor nten ? 
0.1 02 0.3 04 O.5 
fiir den speziellen Austauschkoefhzienten ¢ 
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() 40) 0 S50 0.60 Icn 
det K oeff tcl ( 
( 0.] Cl 
fiir die Windgeschwindigkeit 
2, 4, 6, 8 [m sec 
und wir berechneten aus allen Variationen dieser GréGen die mittlere Konzentration 
K bezw. det ttleren Staubniederschlag S fuir die Kaminhdéhen 
0 fyi} IO n 
Dahe " wurf O ec tzt Da sowohl A wie S proportior 
Multiplikat 
() 4) 
Eine Korrek leren Wert t auch noch nachtraglich ar 
len berec Werte! K und § glich, da C, nur in den Faktor in de 
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Wir kénnen den Argumentwert von @ unschreiben, wodurch wir erhalten: 


fiir die Konzentration 


fur den Niederschl ig 


( 


Damit hangt ® von der Kaminhdéhe A und dem Verhaltn 
so konnen wir @~=1,00 setzen. W 
0.05 


Fiir alle Falle C,>0,1 geben wir in Tabelle 1 in Abhangigkeit von der Kaminhéhe 


h und dem Verhiltnis C,/C., einen Korrekturfaktor, der an den Ergebnissen der 
Rezhnungen (Gleichungen (4) bzw. (9) ) anzubringen ist 


TABELLE | KORREKTURFAKTOREN FUR (¢ 
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Die Durchrechnung aller Werte erfolgte einschlie®! ler notwendiget 


tionen numerisch mit Hilfe von Rechenmaschinen 


4. DARSTELLUNG DER ERGEBNISSI 
Die Ergebnisse der Rechnung sind fiir die Konzentrationen in den Abb 


Tabelle 2, fiir den Staubniederschlag in den Tabellen 3-7 dargestellt 


(a) Konzentration 

Die Schwankung der Konzentration mit der Windgeschwindigkeit als Parameter 
ist bei den vorgegebenen meteorologischen Daten fiir m, C, und C, gering. Wir fassen 
deshalb—einem Vorschlag von Dangl folgend—fiir die Windgeschwindigkeiten 2, 4, 
6, 8 m/sec simtliche Werte in einem Bild zusammen. (Abb. 1-4.) 

In den Abb. |-—4 ist als Abszisse die Kaminhdéhe / in [m], als Ordinate die Konzen- 
tration in [mg m*] aufgetragen. Die gestrichelten Kurven geben jeweils die Begren- 
zung aller von uns berechneten Konzentrationen fiir einen Auswurf von 100 g se 
Die ausgezogene Kurve ist das Mittel der Einhiillen Diese Mittelkurver 
wir zum besseren Vergleich in Abb. 5 zusammengefass Als zusatzliche Kurv 
dabei gestrichelt die Abweichung der Konzentration der Einhiillende 
jeweiligen mittleren Konzentrationen in Prozent angegeben. Fiir diese Kurve gilt a 
Ordinate die Prozentteilung rechts. Da bei den gréferen Kaminhéhen der Absolut- 
wert gering wird, spielt die Abweichung von 50 Prozent keine Rolle. Allgemein ist 


aus den Kurven zu erkennen, dass eine ErhOhung des Kamins von 20 auf 40 m Hohe 
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entration auf die Halfte bringt. Bei einer Erhéhung 
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I Kur die Entfernung des Maximu der Konzentration nicht ent 

\ labe ) ist bei gegebene n- und ( Wert dic Entfernu 

St yng im Nahbereich des Werkes nach [BING ( 

j 
tarkel K onzentrauiol wie aus den M ergev! sen (1956), Diem (19° 
DIEM irten war e wurden fiir emnen Auswurl n 100 sec berechnet 
fiir ¢ W windigkeit eine Tabell t der Kombination der anderen Para 
eter | ‘ vurde Aus den Tabellen geht hervor, da neben der Windg 1959 
chwindigk r alle der meteorologische Exponent ! t. der die Menge de 
Staubnik zusdtzlich bestu t Die Entfernung des Maximums wiecer Ist 
T abe 7ur Tahe 2 isammeng te ‘ 

Eine UD funeg durch einen Vergieich Z chen Berechnung und Messung konnt 
DIEM ) jurchtuhrer 
Die | eigen, d man be rofiltiger Anwendung der Berechnung gut 
U bere rhalt. Voraussetzung ist dabei, dass der Anteil Get Windrichtung, 
hre Sc ind der Einflu® des Rege hezw. Schnee-) Niederschlages beruct 
chtigt DIEM DIEM DIEM Eine erste iantitative Re 
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DIEM } 
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Si Su 3? der Windrose 25°) Mit diese Faktor nd unter 
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TABELLE 2. ENTFERNUNGEN DER MAXIMALEN KONZENTRATIONEN (in km 


Hohe 


35 
n C.[em ] 20 0 40 sO 60 70 R0 90 100 0 120 
0.1 0.05 0.7 1.1 14 18 34 4) 4é 
10 0.5 0.7 09 |] 13 & 20 
15 0.‘ 0.6 0.7 0.8 1.0 1.1 1,2 3 + 
20 0.5 OF 0.7 0.8 0.9 0 1] 
25 0.5 OF 0.6 0 0.8 09 
0.5 0 5 0) ¢ 
40 0.5 0.4 
SO 
60 
0.2 0,05 13 44 5) 6.0 6.9 78 R 7 
10 0.6 0.9 1.6 2.0 2.4 33 40 44 
15 0.6 1.0 1.2 1.4 1.8 24 ¢ 7.8 
20 0.6 0.8 0.9 1.3 15 ) 
25 0,5 0.6 0.7 0.9 1.0 1.2 1.3 ‘ 1 
30 0.6 0.7 0.8 0.9 1.0 1.1 ? 3 
40) 0.5 Of 0.7 0.7 0.8 09 
SO 0.5 0.5 0-¢ 0.7 0.7 
60 0.4 0.4 O06 
0.3 0.05 26 4? 17 11.3 13.9 15.2 17.9 1.3 
10 12 33 4] so s9 7 ¢ 4 2 
15 0.7 2.1 2.( 16 4) 4 53 59 
20 0,5 0.8 1.5 18 ?? 34 3 4? 
75 OF 09 1? 4 17 20 2.3 ¢ 29 3.2 
w 0.5 0 0.9 12 | 4 ( 4 26 
40 0,7 0.8 1,0 1,2 1.4 7 1,3 
VOL. SO 0.5 Of | ; 4 
2 60 0.5 0. 0.7 0.8 0.9 2 
99/60 04 OOS 57 94 +4 ] 7 224 2 | | 4 ; i7 ¢ 
10 2,3 4.0 ‘ 1.4 14 11.4 13.4 »0.0 2 4 
15 1.4 2.3 45 5.6 6_* x | 34 
20 0.9 16 40 4% 6.6 4 4 
25 3 29 43 49 ¢ 63 7.1 
0.6 1.0 1.4 1.8 2.3 2.9 34 40 4.5 
40 0.7 10 1.3 17 2.0 2.3 2.7 3] 3.4 40 
SO 0.4 0 0.9 12 1.4 2.1 3 2.¢ 29 
60 O.8 10 1.4 1 ¢ 2.1] 2.3 
0,5 0.05 13.6 23.5 144 46.5 59 2.7 R70 101.7 117.0 29 149 ? 
10 54 94 13.8 IR 6 299 0 314.8 40 6 416.8 $3.2 $9.7 
15 3,2 5.4 9 10.8 13,6 16.3 20,2 23,5 27,0 30), ¢ 34.4 
20 37 54 »4 11.6 13.8 16.2 IR ¢ 71.1 23.6 
25 1.6 2.8 10 5.5 7.0 10.2 11.9 13.¢ Sf 17.5 
30 13 2,2 32 43 5.4 6.7 94 10.8 12.2 38 
40 0.8 1.4 2.1 2.9 +7 46 54 6.3 7.3 R 4 94 
sO 06 1] 16 22 7 33 40 48 § § 6.2 70 
60 0.5 O.8 2 1.7 22 27 3.2 3.7 43 49 54 
0.6 0.05 317.6 67.0 101.1 139.0 180.3 2748 272.1 327 0 374.1 478.8 4856 
10 13,9 249 37,3 1.4 68,3 84.7 100.4 118.8 138,2 58,2 179,2 
15 1g 13.9 21.0 28.9 17.6 46.8 56.6 67.0 77.9 R89 3 101.1 
20 5.1 9? 13.9 19.0 24.8 30.9 37.3 44.1 51.4 52.7 66.6 
25 6.7 13.9 18.1 22,5 27,2 32,3 37,¢ 43,0 48,7 
10 7 10.7 139 ? 20.8 24.8 8.7 13 0 37 3 
40 2.0 3.4 S.1 7,1 9.2 11,4 13.9 16.4 19.0 1.8 24.8 
50 1.3 2.5 6.7 g4 10.0 12.0 13.9 15.9 | 
60 2.0 +0 5] 6.4 7.7 10.7 3 
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BNIEDERSCHLAG IN [g/m*d] BEI DER WINDGESCHWINDIGKEIT ¥ 
EINEN AUSWURF VON Q = 100 [g/sec 


Hohe 


0.05 


( 40 60 70 RU 90 100 110 120 
() 0.6] 0.42 0.3] 0.93 0.18 0.15 0.12 0.10 0.08 
0.95 075 0.61 0 51 0 43 0 0.3] 
1.4] 1.15 0.95 0.81 0.70 0.61 
28 102 0.95 
1.39 30 
4 
0? } +] 0.67 0.4 0.27 0.19 0.14 0.11 0.08 0.07 0.0¢ 7 
1 0.9) 0.68 0.51 0.40 0.33 0.22 0.19 
> w |. 72 103 () 48 0.4] 
2.74 > 23 1.72 | 43 1.15 0.9¢ 0.82 0.70 
> 33 1 RS } 13 0 YS 
3 34 > 79 > 35 201 177 57 
4 3 93 > eo 
04> 024 O1¢ OX 0 0.0% 0.04 0.03 
sO 44 0.89 0.60 0.4) 0.3 0.94 0.19 0.14 0.12 0.10 
149 0 90 1) 6® 4? 0.4) 34 {) >® 04 
4 33 } Br: 93 0.76 0 63 053 () 
Od > Re 2 1 64 1 07 093 0.75 
4 | > 1.4 33 13 
‘ 5 99 4 7¢ 4.12 3.13 2 
‘ $,73 4.72 4 O% 4 ae 
1959, 
OR 004 003 003 0 0) 0.02 00} 
4 53 0 40 0w 074 ( ) 13 
13 47 > 4 ‘th 0 65 53 0 44 
4 48 7 49 ) 0.99 84 5 
4 6.06 4.55 $3 74 23 S4 
74 § 49 4 72 > 79 
4 () 010 O% 0) 0 O04 U.05 
18 0.63 0 4? ) 0.99 0 ( 0 0.09 
OR ) {) & 0 60 () 4¢ 0.29 0.24 0.20 
4 42 6.8 2 Re 2.04 $2 0.92 0,62 
65 0.4 0.33 0.20 O.1¢ 0.13 
+4 +¢ O94 hf 0.49 0.3 0.29 0.24 0.20 6 
4 } 4 4 160 0. S¢ 0.44 0.29 4 
4 44 +70 4 ) +3 {) ¢ 


Die Ausbreitung von Staub und Gas nach Sutton 


TABELLE 4. STAUBNIEDERSCHLAG IN [g/m? d] BEI DER WINDGESCHWINDIGKEII 
FUR EINEN AUSWURF VON Q = 100 [g/sec 


37 
Hohe jn 
Cc lem 20 40) 60 0 80) 10 100 20 
0,1 0.05 1.64 1.14 0.78 0,58 0.43 0.34 0.28 0.2? 0.19 014 
10 2.26 1.77 1.40 1.14 0.95 0.80 0.67 ( . 
15 63 2.14 177 3 
20 40 39 ”) 
40 
SO 
60 
0.2 0.05 2.28 a 0.71 0.4 0.33 0.24 0.19 0.14 0 0.10 0.09 
10 317 1 60 1 0 0 70 0 57 38 () 33 
15 400 2.99 2.28 | ) 1.44 1.18 Lf 0.84 0.71 
20 47 RR 2.99 2.49 > OO ¢ 43 Be 
25 4.99 405 3 97 64 09 ) 
10 5.8] 4.85 409 +50 > 73 
40 5.62 5, 4.44 
SO 
60 
0.3 0.05 1.46 0.68 0.39 0.26 0.1% 0.13 0.10 0.08 0.0 0.05 0.05 
10 455 > 34 1.45 0.98 0.68 0.50 0.39 0.31 0.74 0.20 0.16 
145 444 2.75 1.95 1.46 1.1] 0.85 0.68 0.55 () 4¢ 0.39 
20 7.04 434 312 2.39 1,89 1.51 124 1.02 0,75 
25 640 465 345 267 211 1,74 1,51 1,22 ~~ 1,09 
30 7 $75 4,27 3,53 3,01 2,55 2,16 1,84 
VOL. 40) 69 6 63 5 4] 509 410 29 704 
2 50 ) 73 7.74 6.70 5 80 5.09 442 
59 6 60 ) 3] 7.67 6 63 5 20 
29/60 
0.4 0.05 0.80 0.36 0.20 0.12 0.09 0.0€ 0.05 0.04 0.03 0.02 0.02 
10 | 32 0.79 0.52 (0.35 0.20 0.15 0.14 ( | 0.09 
15 S24 > 7 119 0.20 061 0.29 0.24 0.20 
20 4] 440 > RS 1 33 0 99 () 0.61 0 50 0.41 35 
25 19 33 6 38 4 37 97 714 1.59 >3 0.99 0.80 0.67 0.58 
) ¢ ) 48] 6] 2 1 80 150 »7 1] 
40) ) ) 6 90 51) 415 72.80 33 ) 
SO 6.51 5.61 4.67 3.94 4.3 2.94 
60 13.95 10.61 47 6 5 64 1 42] 
0.5 0.05 0.4] 0.18 ) ) 0.07 0.04 0.03 0.02 0.01 04 0.01 0.01 
10 | 61 0.6% 0.40 0.95 0.18 0.14 0.1] 0.08 0 ¢ 0.04 
14 3 5] 54 (1) 29 59 () 4) () 3} 18 
20 6.02 > 74 61 105 0.74 0.54 4] () 33 0.23 0.18 
2 70) 4h > 43 1 64 14 0 65 0.5} 44 0.2% 
11.3] > 33 1 4] | ) 093 0 74 0.59 49 0.4] 
40) 17 64 60? 404 > 1 64 13 1 O¢ 0.74 
SO 14.3) 65 5.95 43] ? 53 199 1s 
60 3] 6.0? 4 2 Re 39 | 62 
0.6 0.05 0.21 0.09 0.05 0.04 0.03 0.02 0.02 0.01 0.0 0.01 0.01 
10 0.87 () 4% 009 00% 0.04 0 04 ( 003 
15 1.93 0.7% (0). 4¢ 0.30 0.21 0.12 0.09 0.0% 0.0 0.05 
20 3,43 1.40 0.82 0.50 0.34 0.24 0.17 0.15 0.12 { 0.09 
25 50 34 0.59 0.44 0.34 0.2] 0 0.15 
7 34 3 99 1 93 1.24 0.87 0 65 0.49 0.38 0.3? 0.2 0.71 
40 12.28 5.44 3.23 2.11 1.43 0.99 0.74 0.58 0.48 0.38 0.32 
50 17.37 8 5] §.23 3.45 2.40 1.77 1.37 1.07 0.8 0.7 0.62 
60 23.15 12.34 50 4.88 1.76 1.39 | 0.88 0.74 
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BNIEDERSCHLAG IN [g m* d] BEI DER WINDGESCHWINDIGKEIT v =6 [m 


TABELLE 5. STA 
FUR EINEN AUSWURF VON Q = 100 [g/sec] 


Hohe [m] 


38 
, C.fem"’?] 20 30 40 SO 60 70 80 90 100 110 120 
0.1 0.05 2,37 1,64 1,13 0,83 0,62 0,48 0,40 0,32 0,27 0,22 
ip 3,25 2,55 2,02 1,64 1,37 1,16 0,97 0,83 
3,79 3.09 2.55 2,18 1.88 1,64 
4.89 344 274 «2:55 
3,74 3,49 
40 
sO 
ov 
0.? 0.05 315 16! 0.99 0.65 0.46 0.34 0,26 0,19 0,17 0,14 0,12 
10 4.38 3.13 2,22 1.64 1,23 0,96 0,79 0.65 0,53 0.46 
1s 5.54 4.14 4.15 2.48 2.00 1.64 1.40 1.16 0.99 
20 6.60 §.37 4.14 3,44 2,77 2,31 1,97 1,69 
25 6,91 5,61 4,45 3,66 3,13 2,72 2,36 
10 8 O4 6.72 5.66 4.84 4,26 3.78 
40 7,78 6.94 6.14 
0.3 0.05 194 0.9] 0.5? 0.35 0.34 0.17 0.13 0.11 0.09 0.06 0.06 
10 6.04 +11 1.9? }.29 0.9 0.67 0.52 0.4] 0.32 0.26 0.2? 
14 29 31.65 489 1.47 1.12 0.91 0.73 0.60 0.52 
20 5. 7¢ 4.14 3.17 2,50 2,01 1.64 1.36 1.14 0,99 
SO 6.17 457 54 8] 2.01 1.62 1.45 
10.19 64 5 68 4 +99 244 
40 11 <4 2 2) 7.32 6 75 5 44 427 404 V 
sO 1? 93 10.97 R RO 7.70 6.75 87 
1959. 
4 ‘ 4é 0 014 0 0 O¢ 0 OF 004 0.04 0.02? 
6s ) 0.6 0.44 0). 33 0.25 0.19 0.1 014 0.12 
14 > 13 43 0 () 0.3 0.3} 095 
34) > ) 0.97 0.7 0.64 0.52 0.44 
) R14 § +79 » 73 > 03 $7 1.02 0.85 0.73 
6.89 ; 0.» 8.72 ) 5.3 4.54 
x4 () 4& 4 { 4 { OY OOS 
j ) { is { ) i) { 
) . ) 4) 22 () 2 
4 >A? ) ) A) 
0 0.0) 0.0) 0.02 0.0 0.02 
{ 4 {) 4 UY () UF 
4 4 Ye 0. 5Y 4 0 ) 0 4 
; 8.63 79 227 0. 0.5 0.45 0.3 0.3 0.25 
442 6 39 20 48 68 O.8 0.68 0. S¢ 0.4 0.37 
44 22> 4 22 OF 144 } 2° 04 
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TABELLE 6. STAUBNIEDERSCHLAG IN [g/m*d] BEI DER WINDGESCHWINDIGKEIT v=8 [m/sec] 


FUR EINEN AUSWURF VON Q = 100 [g/sec] 


Hohe [m] 


60 100 110 


1,08 0.80 0.63 
3,3] 2,61 2,12 
4.9] 4.00 


0.21 
0.82 
1.76 
2,91 
3.94 
6.09 
9.79 


39 
n 20 30 40) 50 120 
0,1 0.05 3,06 2,12 1,46 0,52 0,42 0.35 0,28 

10 4,21 1,78 1,50 1,25 1,08 
15 3,31 2,82 2,44 2,12 
20 6.34 4.46 3.55 3.3] 
25 4.84 4,53 
30 
40 
50 
60 
0,2 0,05 3,97 2,03 124 O82 0,58 +042 O33 0,24 0,18 0,15 
10 5,52 3,94 2,79 2,06 1,55 1,21 1,00 0.67 0.58 
15 6.97 3,97 3,12 2,06 1,45 1,24 
20 8,30 6,76 §,21 4.33 3.49 2.49 2.12 
25 8 70 7.06 5.61 461 3 43 2.97 
30 10,12 846 7,12 4.76 
40 8.73 7.73 
50 
60 
0,3 0.05 2,38 1.1] 0.63 0.42 0.29 0.21 0.16 0.13 0.11 0.08 0.08 
10 7.39 +80 2.35 1.58 1.1] 0.82 0.63 0.50 0.40 0.3? 0.26 
15 7.20 446 3.17 > 38 1.79 1.37 1.1] 0.90 0.74 0.63 
20 11.43 05 5.07 3.88 2,45 2.01 1.40 1.21 
25 10,40 155 5.59 4.33 3,43 2.82 2.45 1.98 1.77 
VOL. 30 12.46 9.34 6.94 5.73 4.88 4.14 3.5] 2.98 
40 141? 10.77 8 96 6 6S § 23 493 
2 sO 1S 8] 1? 10.87 8 
159/60 60 15,12 12,46 10,77 9,42 
0.4 0.05 »9 0.55 0.w 0.18 0.14 0.09 0.07 0.07 0.05 0.05 0.02? 
10 4 48 200 119 0.78 0.53 0.39 0.30 0.23 0.2 0.1¢ 0.14 
15 4.1% | 70 | 22 0.92 0.69 0.55 0.44 0.3 
20 > 75 6.6 407 > 80 | 49 14 0.9? 6? 0 53 
25 8.67 6.62 4.50 3,24 4 ¢ | 49 Q) 0.87 
x) 13.32 10 47 4 ww 3 4) ) ) 
40) 139)? 45 679 495 44 > 99 
60 »0_O8 6 x4 () 54 49 5 40 
0.5 00% 58 014 0.10 0 O¢ 004 004 00 ( 0.0? 
{) { f + f ”) f { 
14 4 OF 1k () 0.60 () 44 44 0 
20 52 | 4s 1.04 0 ) S& () () 38 () 39 () 
£0 2 94 > 48 29 04 
40) 84 13.64 x‘ $.72 304 2.32 | 84 SO 4 04 
SO 20 4 0 4154 3 ) 6? 
60 O4 6 OO ] R 6 4¢ S04 104 ; 
10 14 0.50 () 017 0) 1? 0.09 0.0 0.05 00s O03 
14 44 103 ¢ 0.40 {) 0)? 0. 0.1? 0.10 009 00 
20 4.53 1.85 Os 0.66 0.4 0.3 0.23 0.19 ( 4 1? 
25 6.86 3412 |. 78 | 13 0.78 0.4 0.45 0.35 »3 
) 495 7454 1 64 114 O () 64 0 50 () 49 () 34 () 
40) 16.19 ] 4? 2.79 | } 3 09 077 63 50 () 4? 
SU 22,89 11,23 6.59 4.54 33 1S] 4] 14 0.94 0.82 
60 54 16.28 RY 6.44 +12 33 1 22 18 
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study is to present some of these relationships in the hope that others working with 
smoke plumes may find them of some interest 


2. THE OPACITY METHOD 
Ihe steady state concentration from a continuously emitting point source at the 
origin Of x-, y-, z-axes is usually expressed mathematically by a relationship of the 
following type 


Y2(x/U)Z2(x/l 


exp —[ y2/2¥2(x/l exp —[27/2Z*(x/l (1) 


X is the concentration of material at point (x, y, z) emitted by a source of strength O 
units per second, located at (0,0,0); U is the mean wind speed, and x= Ur. The 
notation is fairly standard (see U.S. WEATHER BUREAU (1955) for an extensive review) 
he horizontal and vertical variances, Y?(r), and Z2(r), of the plume concentration 
distribution depend on the dispersion time f¢ in some not yet specified way 

[he question of the applicability of a Gaussian relationship such as equation (1) 
to dispersion problems in the atmosphere is moot at present. Although the dis- 
persion models most widely used in practical applications, i.e. those of SUTTON (1932), 


FRENKIEL (1956) and Roperts (1923), are all special cases of (1), yet it should be 


realized that the Gaussian model of dispersion is a plausible assumption, rather than 


a proved theoretical fact {cf. the discussion by BATCHELOR (1952), pp. 360-1 Recent 
experimental dispersion studies by Hay and PASQuiLt (1957), and BARAD and HAUGEN 
(1959), lend a certain amount of support to (but by no means prove) a Gaussian 
model, even where the source is quite near the ground 

The effect of sampling (averaging) time on dispersion has recently been 
STEWART ef al. (1958) and by CRAMER (1959). The interested reader is 
these discussions for details 

If the plume is viewed from a fairly great vertic 
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It then follows from (3) 
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s of the opacity idea, such as uncertainties due to non-uni- 
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and (4) that the constant, = 
) r)=e) (5) 
where the base of natursiaiggmmithms. From these relationships a formula relat 
ng ) to } obtained in just the same way as for the case of a smoke 
FORD Ke_LoGG, 3. MW equating the right-hand sides of (3) 
qua , 1 taking logarithms, it 1s found that 
— e} 
Y*(x/U)= } i= (6) 
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on luminosity gradients, and other intangibles, have been pointed out in past studies 
as well as personally to the writer. These have not been studied quantitatively and 


little is known about how serious they may be. In view of quantitative results sucl 


as FRENKIEL’s, and BOwNne’s, as well as those to be presented below, it a 
the opacity method provides at least a useful, practical tool 

4 more serious restriction to the use of visually or photographically deter 
dimensions of plumes as dispersion indices is inherent in the nature of turbulent 
persion. At any instant, the visual or photographic appearance of a plume 
that it is a dispersion of particles about a centerline which ts itself deformed 
air turbulence. On the theoretical side, it has been recognized since the work 
RICHARDSON (1926) that dispersion relative to a co-ordinate system (such a 
center of a puff or plume) itself free to move with turbulent fluctuations is a di 
different phenomenon from dispersion relative to a fixed axis, 1.e. the 
volved in equation (1). Exhaustive treatments of the theory can be found 
by BATCHELOR (1950, 1952). An attempt to incorporate these ideas into 
‘ fluctuating plume ” dispersion model was recently made by GIFFoRD (1 

The conclusion from these studies is that formulae such as equation (1), 
persion to a fixed axis, can apply only to averaged conditions, 1. 
concentration distribution. We should, consequently, expect the opacity theory to 
apply to long time-exposure photographs of plumes, such as those made 
hole camera by SHORR (1952). Strictly speaking, it is not correct 
deduced from a fixed axis dispersion model to dispersion of 
to the instantaneous dispersion pattern of a single plun 


VOL. line (cl the discussion oft this pornt by 
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smoke dispersion studies have failed to take advantage of this fact; some possibilities 
I occurred to us follow 


iation (5) with equation (8) it is found that 


T)=e) 


ength of the visible plume an is its half-width. From this, 


(10) 


e diffusion parameter, which is the mean square turbulence 
by determining the ratio of the plume half-width to the plume 


ry convenient, because measurement of the ratio is quite simple 


bsolute measurement of height and length. In a similas 


way, the 
ntensity, Is given by 


(10a) 


photographs (see HOLLAND (1953) for some examples) of smoke 
1 at ground level are available at Oak Ridge, and some 25 


of these 
(10a) 


The procedure was simply to outline 


The outlining process was used 


he fact that the photographs are instantaneous 
raged as required by strict application of the method, by draw- 


neralized pi 


ume outline instead of one which followed each 
The methods of combinin 


plume photographs described by 


) (Y) 
where the | 
, 
we may | 
ntensity, ply 
ength. This 1s Ve 
compared with a 
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piumes generatec 
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BOWNE (1958), Hitst (1957) or Moses and CLarkK (1956), are of course much prefer- 


able to this crude procedure. The resulting w* values can be compared with vy? values 
determined independently from a graph of (v*)! as a function of U and stability, 
pertaining to the same location (HOLLAND, 1953, Fig. 164) 


Fig. 2 indicates the degree of relationship that was found. The coefficient of linear 


correlation for these data is 0-7] That w* values determined from equation (10a) 


are systematically smaller than the v* values may reflect real turbulence anisotropy 
near the ground. On the other hand, it may be that failure to form a proper average 
plume has led to an underestimate of the plume height, which would also explain the 
discrepancy. Perhaps it is necessary as well to recall the fact that the turbulence 
intensity inferred from the smoke measurements is representative of turbulent 
ticle motions, i.e. it is a Lagrangian statistic. Its theoretical relationship to 
corresponding Eulerian value, measured at a fixed point, is not yet known. Never- 
theless, this result indicates that, by and large, Eulerian turbulence intensity is a good 
index of the plume geometry, which is to say of the concentration distribution, at 
least out to the distances involved (several hundred yards). The value of the correla- 
tion is not low, but might well be even higher, were direct measurements of y? avail- 
able 

If SUTTON’s dispersion model, i.e. equation (7) is used, the formula corresponding 


to equation (10) turns out to be 
(11) 


Thus the method can be applied to determination of SUTTON C, values by making a 
rough approximation of Since x; appears essentially as a fourth root, its precise 


determination is not necessary [he corresponding result for C, ts 


e(Z r)*. (lla) 


Ratio of the maximum width-distance to the maximum width 


By combining equations (3), (4) and (5), it is not difficult to prove that 


from which, with equation (8), it follows that 


(12) 


where x,, is the distance along the plume axis at which Y,, occurs. The correspond- 


ing relation for w®* ts 


(12a) 


This relationship proved particularly useful in analyzing plume photographs from 


which the approximate maximum height, but not the end of the plume, could be 


determined. For some surface smoke pot photographs (59 of these now being avail- 
able for these new conditions) the linear correlation coefficient of w* determined by 
equation (12a) with values of v2 determined by HOLLAND’s method was 0-66. For 
13 elevated stack plumes, the corresponding correlation coefficient was 0-79. Again 


1 


equations similar to (11) and (lla) can be derived assuming SUTTON’s model, 1.¢ 


equation (7) 
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Smoke Plumes as Quantitative Air Pollution Indices 

of dispersion, i.e. equation (1) combined with equations (7), (8) or a sin 
tion, when the idea of ** opacity ’ leading to a visual edge of the plume, 
(2), is introduced. The general formula for plume dispersion, equation 


results directly from equation (2). Since the results presented, except f 


(15), apply only to the mean concentration distribution, it is desirable 


some method of averaging plume photographs or visual observat 


usually quasi-instantaneous in nature 

The possible usefulness of these formulae, and 
previous results along this line, lies in the ia 
do not occur directly, but only as ratios 
photographs, or visual plume observations, compara 
distances do not need to be determined; and any c 
may be used. Visually, for example, it would appear 


lengths and widths using, as a measure, numbers of fir 


is held at arm’s length. This might provide a useful rul 
dispersion in air pollution field work. Despite this degree of 


emphasized that the results obtained are in principle 
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a previous section, apply to a// opacity studies 
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INTRODUCTION 


§2 
IN a , ground-level concentra s of pollution show w arked can 
daily 1s it patterns These have bee attributed in the literature to cycies ol 
r¢ ace ta st ng ecariy mornil pea and a dary 
rea h concentrations, whet iny observations are averaged Many 
I pec ted adoul the cau i the morning peak, whether it 1s due to 
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Das 110M tevels al sually highest in winter, although autumn 
noted for <n y ther It not r fror the 
iit iner the gener readings are caused by an increase in fuel consur puiion 
Ad ates f the International Joint ¢ nission study in the Detroit Windsor 
elsewhere by K and SCHUENEMAN (1958 [he data from a network of pollutior 
i discussed eteo gical factors by Katz (19 } 
ind bh Bay \ 19S¢ Wit this backer und know ed ge yf ti broad pollutior 
patt yhout the area, it 1s possib n the present paper to consider in mucl 
get Gata a singie samp n order to study time 
( cul t record ! concentrations of sulphur dioxide and of suspended partic 
29, 
a Review al ti teorological aspects of tl | 329, 
he nul ‘ fir Handi k (MAC et a 156) and in ti 
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prepared Windsor Air Pollution Laboratory. The elements pet t tot 
pended part itter Ul iDulal ch as p it jul 
cipitat De reported at a dal 
Lay isu ¢ employed paper are for the 20 ft—300 ft at 
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Hence, “lapse conditions’ will denote all positive lapse rates of temperature 
‘inversion conditions ”’ will denote zero or negative lapse rates 

The IJC Peter and Chappell sampling station is in Canada, about 4 miles 
southwest of downtown Detroit. There is relatively open country to the sou 
and south with no important sources of pollution. The J. Clarke Keith 


generating plant is in Canada about ¢ of a mile to the southwest. There 


centration of industry 2-4 miles to the southwest in Ecorse, River Rouge, and 
Island on the U.S. side of the Detroit River. Other sources of pollution are to 
found to the northwest, north and northeast in Dearborn, Detroit, and Windsor 
Sulphur dioxide was measured with a Thomas autometer. The record provide 
average concentrations for approximately 30 min cycles. In preference to averaging 


the concentrations for the entire hour, the convention was adopted of in 
the punch card the reading from the cycle that was in progress at 60 min after each 
hour. The period of record extends from 27 July, 1955, to 31 August, 1957 
tember—November 1957 tabulations were not available in time for inclusion 
1-5 and 11—15; however, the data were used as a control check, as will be ou 
in a later section 

In a previous study, BAYNTON (1959) compared SO, concentrations at twé 
in Detroit, three in Windsor, one at Harrow, Ontario, about 25 miles sout! 
sor, and one at La Salle, Ontario, about 6 miles southwest of Windsor 


most centrally located station as a reference, he found little correlation with the othe 


sampling stations in the network. It was concluded that the concentration of SO 


determined principally by the effect of specific point sources. Evidently, it 
realistic to attempt to define a concentration of this gas that will be repre 
the metropolitan area. The SO, tabulations in this study, therefore, 
strongly the influence of neighbouring point sources, particularly the J. Clarke Kei 
steam generating plant 

Suspended particulates were measured with an AISI automatic smoke sampler 
(HEMEON ef a/., 1953). Two-hourly samples of air were filtered, the optical densities 
of the stains determined, and the results expressed in terms of Coh/1000 ft. A Coh 
value was, therefore, included only on every second punch card, the reading 
senting an average 2-hr value [he period of record is from 27 July, 1955 
November, 1957 nf nately, the sampler was not operated in the 
1956; the total numbe i Summe ase , therefore, Only 500 as 


T 
LU! 


about 1270 


being of ndary importan ilthough still present and recognizab 
paper, BAYNTON (1956) was abl l orreial¢ articulate loadings in 
Windsor area with a number of weather factors, but excluding wind du 


likely that a similar study of sulphur dioxide concentrations would have 


cessful It is believed, therefore, that the Coh tabulations to be pres 
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Most of the frequencies are in the range of 0 to 0-03 p.p.m. The mode 
class occur with south to east winds. This is in direct contrast to the pres 
wind of the area and must be attributed to the location of emission 


respect to the sampling station 
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With increasing concentrations of gas, the incidence of occurrence falls off rapidly 


and the posit I the modes shift 


4 detailed analysis of the fine structure of the 


figures is not of sufficient general interest to be included here. However, the con- 
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or southwest winds and occurrences with other wind directions are relatively rare. 


In other classes, lapse rate appears to have very little effect on the distributions. 
However, for concentrations of 0-10 or greater, the modes under inversion conditions 
are all with west winds; in contrast, under lapse conditions they occur mainly with 
southwest winds. In order to explain the difference, it is necessary to consider Tables 
1,2 and 5 

For winds of 0-4 knots, under lapse conditions, high concentrations of gas are 
rare, as shown in Table 1, and there are not enough cases to define a mode. Under 
inversion conditions, there 1s a mode occurring with north winds. The correspond- 
ing time distribution in Table 2 (A) has a peak just before sunrise. This is a little too 
early in the morning to be associated with an emission increase, if such ex 
with a Hewson fumigation. However, it is not feasible to offer alternative explana- 
tions because the data cannot be considered representative of the area 
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Detroit sources than the SO, recorder. In the concentration class of 2-0 Coh/1000 ft 

or greater, there is no increase in frequency with southwest winds under lapse con- 

ditions as was the case with SO,. The reason for this is to be found in Tables 3, 4 
hy 


1 display distributions of the 477 cases of Coh values equal to or greater 
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TABLE 3, PERCENTAGE FREQUENCY DISTRIBUTION OF 477 CASES OF Cohs/1000 ft Bot 


GREATER THAN 2°0 BY WIND DIREC TION, BY WIND SPEED, AND BY LAPSE RATI 


Wind 0-4 knot 
Lapse 
Inversion 


All cases 


Wind 5—9 knot 
Lapse 
Inversion 


All cases 


Wind 10 knots and 
over 

Lapse 

Inversion 


All Cases 


TABLE 4. NUMBER OF CASES BY TIME OF DAY FOR MODES OF TABLE 3 


Time, EST 


Wind speed 0 


N winds 


W 
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I apse 
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0-8 0-0 0-0 0-0 0-0 0-8 5-9 
42 0-0 0-8 0-0 0-4 3-6 6:7 4:2 19-9 
Total 
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Under ir s10n conditions wit! winds of UV Knots or greater. there >a sma 
mode wit west WINGS, associated 1 ainly wit! the 07 10 | S] pel od OT the day 
Examinatior1 { Table 5 reveals that the chance of a |} gn Coh value decreases with 
ncreasing wind speed both under lapse and inversion conditions [his is again in 
contrast with the SO, results (Table 5) 
Ihe evid nce geestSs that Con values ar i much more reliable index of tne 
general ition in the metropolitan area than are SO, readings Although 
Uf position ol “On sources WIIN respect 1 the sampling station has some effect 
on the concentration of suspended particulates. the nfluence is much less than ir 
the ca | sulphur dioxide It is believed that the Coh value results at the Peter 
al d ( napp | [ 2 Station are representat C ma re lat v¢ bas , OT The outnern 
metropolitan a e. of the City of Windsor [his is supported by previo tudies 
with network g} lu samplers (INTERNATIONAL JOINT ( IMMISSION, 1959) 
Exceptions d irse, occur when there a ery loca durces Of smoke such a 
the railroad 1 if By On a relative Cant that concentrations of 
suspended parti ites at other locations in Windsor would show good cor! ilior 
with the Peter 1 ( happ data It would b quite natural to expect certain dif 
ferences for a sampling point in the north part of Detroit, e.g larger frequencies of 
nigh concentrations with south and southeast winds 
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6. THE DAILY CYCLE OF SULPHUR DIOXIDE POLLI 


Figs. 11-15 depict the relevant features of the daily cyc 


and on a seasonal basis. The divisions of the 


corresponding to the times 23-02, 03-06, 


respectively. Cumulative fre« 


logarithmic scale in order higher 
the curves corresponds to a relatiy large number! 


trations; a peak indicates a deficit. Each figure cont 


entire sample and of lapse and inversion cases separately 


rhe figures indicate a well-marked mean daily cycle, 


which may be summarized as follows 
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basis (Fig. 11) there is a surplus of high concentrations in the period 


secondary surplus in the evening (19-22 EST). The cycle is 
ts reported elsewhere in the United States (Ives, 1936) and in 
Britain (DEPARTMENT OF SCIENTIFIC AND INDUSTRIAL RESEARCH, 1945). It is 


s either disappeared or has 
IS EST and cor ion level 0-07 


64 R. E. 
(a) A as 
On an annual ee 
10 
very 
(real 
) Kl O day | the spring ynths March, Ap ind May 
or 
1959, 
hs June, J 1 August 
> it ming surp persists tnrougn a four season I he 
evel I present in U winter the spring and autumn it occurs at a 
lower Col ration level (0-07 in the spring and 0-04 in the fall, while the 0-10 curve 
sno\ Ya nang I pe 
shifted to ti e period 154 
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(b) Lapse cases 


The morning surplus occurs in all four seasons. However, during the summer 
months the time of occurrence is earlier—in the period 03-06 EST The evening 
surplus is clearly marked on an annual basis and in the winter and autumn (including 
later data from the autumn of 1957, which is not displayed). In the spring and 
summer it disappears 


it ilphur dio 


period of the day for t i1utumn months September, October and November 


ve percentage ,ona logarithn ic Scale, ol ide concent! 


(Cc) Inversion cases 


The morning surplus again occurs in all four seasons in the time pet 
EST. On an annual basis, and in the winter, the evening secondary is 
In the spring, summer, and autumn, there ts a late afternoon surplus (15 


even this is not present in the additional data (not displayed) for the aut 


Lu 


THE DAILY LE OF SUSPENDED PARTICULATI 
CONCENTRATIONS 


Figs. 16-20 show relevant features of the daily cycle. Certain point 
omitted from Figs. 18-20 for two reasons 

(1) The selected type of graphical display will not 
of 100 per cent—a point at infinity. For example, in t 
during the period 11-14 EST, there were 131 cas« it not one exceeded a 
tration of 2-0. It is presumed that a larger 5 yr sample would have 
this difficulty 


(2) The type of expanded logarithmic scale is not justified if the number 
is small: this situation occurred under inversion conditions during the afternoon, 


and also during the summer under lapse conditions at n 


It is believed that the points that have been included form a pattern that is signi- 


ficant on a relative, but not necessarily on an absolute basis. The figures indicate a 
well-marked daily cycle, the significant features of which may be summarized as 
follows 
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basis and in all seasons except summer, the morning surplus of high 


the period 07-10 EST ts well marked, and in this respect the curves 


for SO However, during the summer months the time of the 


~ 


lues is shifted—to 23-02 EST for the concentration level 2-0 


requency, on a logarithmic scale, of particulate pollution by period 


winter months December, January and February 


and to 03-06 EST for the level 1-5. The evening features of Figs. 16-20 are quite 


different from those of Figs. 11-15. On an annual basis, and in spring and summer, 

the Coh values have no secondary mode of high concentrations. In the winter, 

there is a small surplus in the period 23-02 EST; in the autumn it appears in the 
PI 

period 19-22 EST 
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(b) Lapse cases 


The morning surplus occurs at the regular time (07-10 EST) in all seasons plotted 


The evening secondary is persistent through the set 


es and shows 


time shift, occurring in the period 19-22 EST. However, it 1s 


tion level (1-5) in the winter than in other 


seasons 


Fic. 19. Cumulative percentage frequency, on a logarithmic scale, of particulate polluti 


ym Dy period 
of the day for the summer months June, July and August 
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identified, it would be desirable to 


11-20 having beer 
11 and 16) do 


However, the annual curves (Figs 
{ large seasonal differ- 


atures of Figs 


their secrets because they are a composite o 


to delay discussion until other data are introduced 


fore necessary 


tian 


PO! 


’ 
requencies that tortuitous! 


both SO, and suspended partic 


detailed analysis is too let 


iSO! Variations in wind di 


al 


Is not intended to represen 


nstead it is included to show seasonal variations within the 
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given in Tabk It is emphasized that Table 7 EE onc- 
term Climatic averages; | 
ample 


Daily and Seasonal Pollution Cycles in the Detroit-Windsor Area 69 


Since the seasonal variation in Coh values is greater than for SO,, it follows next 
that emissions of SO, reaching the sampling station are much steadier throughout 
the year than are emissions of suspended particulates. This suggests that the sulphur 


dioxide is coming mainly from industrial or power plants that have modern stack- 


TABLE 6. SEASONAL FREQUENCY DISTRIBUTION OF POLLUTION 


Dec.—Feb Mar.—May 


ul 
trace 

0-07-0-09 
0-10 and 


Total | 100-0 


( 

0-0-0-4 


1-5-1-9 


100-0 100-0 


TABLE 7. WIND DIRE IN IN AGE FREQUENCY BY SEASON FOR TOTAL SO 


W NW Total 


Dec., Jan., Feb 

Mar., Apr., May 

June, July, Aug 

Sept., Oct., Nov. 1955-56 
Sept., Oct., Nov 1957 


cleaning equipment for the removal of particulates. The suspended soot, 
other hand, is mainly from other sources such as domestic heating 

A surprising feature of Table 6 is the cleanliness of the air during the autumn, in 
view of the extensive literature relating serious pollution situations with that time of 
the year. One particular anomaly, the 60 per cent frequency of SO, in the class 0- 
trace, is noted. This is not a peculiarity of one particular year; in the 1955 and 1956 
combined autumn data, the frequency was 56 per cent while in the autumn of 1957 
it was 65 per cent, both figures well above the summer frequency of 45 per cent. A 
comparison of the patterns of histograms in Figs. | and 5 in the class 0-trace reveals 
that the increase is due entirely to the increase in autumn shaded areas; under lapse 
conditions (light areas), there is very little change. This suggests that SO, 1s coming 


mainly from elevated sources and is not readily reaching ground level under inversion 


conditions. 
Application of the same reasoning to suspended particulates invites the query as 


June—Aug Sept.—N 
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6 are so similar 


hours of day! 


RECONSIDERATION OF FIGS 
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possible to 
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to why t spring and autumn distributions in Table Spring is a 
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7-0 per cent for the remainder of the year. 


[his was not a sufficiently large 
to explain the anomaly. 


differe nce 


Another trial hypothesis 1s that 10 knots ts not a critical wind 


speed 


10 was merely chosen for convenience of IBM program Perhaps the 


is sufficiently 


ning 
high to exclude nearly 
analysis is, therefore, displayed in Fig. 21. lk 
observation site at Detroit City Airport from the 


all summer cases 


surprised at the sharp contrasts obtained 


Consider first the heating season 


1 Curve lr 
there were sufficient cases to plot separate points 


the upper wind speeds, 


represent sufficient cases (6 


group 
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Keit 
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Secondly, the 
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In the wind speed range of 10-19 knots, there is a marked reduction 
of high concentrations in the non-heating season. Since the comparis 


} Jictar 
inc 
lower wind speeds (10 > | yt 
Mor each nautica lie OF W 
2 
A N LA N 
MARCH 
N >i vet 
> 
NOW -HEATIN ASON 
MAY EPT N vE 
VOL. 
4 a 2 22 24 26 
wy 
/© Fy 21. Re NEE 1 Spx ve eq uc nig ‘ 
lioxide in the heating and non-heating seasor I tl ear 
pUCTIC one 1] ind | Knol and I 
f SO, curls down the edge of 1 de of t J. ¢ k 
it and proceeds towards ) Statio 
level | ¢ = explained pnysica ) ) 
wake o! an obstruction it it called 1O vas! tod gu ) 
ing In this ca tne crit a ynwasn sp | hout OO kt () | 
the critica I) g tor tne ) ) rplul wi ea { nerating p ‘ ( 
ground pt ippea DC 
The non-heating season « displays an enti lif icter. | 
place, the cu yuld 1 ) tended to 20 knots beca f incu 
REE upper plotted point represents a tota f 24, and 
| 


R. E. MUNN and Morris Katz 


relative basis, 


t cannot be explained by the lower frequency of strong southwest 


but must reflect decreased activity of the generating plant at that 


factor might be a seasonal variation in eddy structure 


Superimposed upon mechanical turbulence ts tl 


ermal turbulence, 
er than in wintet It 
able data 


different charactet 


factor with the ava 
ncrease in Irequency 
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time of year. A contributing ee 
near Gg 
Int Scasol at about 12 knots 
| it tne Valuc Sa crit cal lin al all 
ack of a summer southwest 1 ee 
gencrating pliant and bv a of 
THE MORNING PE 
( rl irpius of higi ncentrations ol dioxide (1 
it iired to determine whether this is due to the en ion CYC 
rl tion effect In the all cast curves the occurs in the 
pel ESI | Casons It pre sent al a tral le vels 
ind t particularly with the looping plume This inference 
pp ] Gg il lable 2 Cel il vv tT ul st ib] 
‘ | y inthe allem 
Und n nditions the morning surplus appears at the regular tim< xcept 
during t r when it occurs in the period 03-06 EST at the two upper concer 
trat Detroit—Windsor area ! ins on standard time throughout the Vi 
of industria i domestic activity. This suggests that the phenomenor related to L959 
I facto! ipporting vider found by comparing U relat yvely 
a ip inti winter lapse curves with the relatively large dip in summel! 
[het nt ve that tne fal i the Gaily ¢ son cyc would be 
iller than mer. Howe the frequency of Hewson fumigatior 
| wintel ipse pe! t quite trequently tnt ighout the 
ont nocturna rsiol ine rule (72 per cent as 
( n d 6 per cent winter in the period 03-06 EST) 
| tnerei ore ine pel gd 03-4 ES] nciude ippro.% 
il imcient t eloral gation on many 
Und the rpiu i men SU mncentrat 
ipp l i 10/7 EST at all tin | year It has already beet tablished 
ted Gg that difiu ga ground icvé nac el m cond 
{ y with difficulty A morning crease in en ons would, therefore, 
lf Irpiu inde! nvel \ ndit 
| } that tl anomaly can aga be explained by the fumigation effect 
i pT ted Dy the | wing argument 
(a) | 1\ f air used to define lapse rate conditions is from 20 to ===m IT he 
nocturna I yn disappears first at ground level, the fumigation gradually building up 
to 300ft. 7 rsion set of curves, therefor ncludes masmenmueaseesn which lapse 
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conditions have already developed but have not extended upwards as far as 300 ft. 
(b) The time of inversion break-up at the television tower does not coincide 

exactly with the time at the sampling station 
Although valid reasons have been given for the morning surplus under in 

conditions, it is still necessary to explain why there is no summer shift in tin 

the case of the lapse curves. The possibility of a statistical sampling error 

because a similar summer effect occurs with suspended particulates in Fig 
4 reasonable explanation can be given for sulphur dioxide in terms of « 

effect. Summer lapse cases during the period 03-06 EST will contain fi 

observations. On days of such occurrences 

the ground-level concentration 

vigorous eddy action. Hence 

high ground-level concentrat 

sions, on the other hand, there ICI 1g accumulation 

cases caused by fumigation 

under inversion conditions increases as the morning r becomes late 
Consider next the morning pe: ended particulate matter as 

Figs. 17 In all seasons « t summer it ll marked in the p 

Unfortunately, there are insufficien mmer observations to separate 

inversion conditions. However, the avai evidence in Fig. 19 suggest 

surplus occurs at an earlier hour > Ci he 2-0 Coh 1000 ft curve 

shift of two periods to 23-02 EST and this cannot be explained by the available data 

For the 1-5 and 1-0 curves, the surplus is in the period 03-06 EST, the explanation of 

which parallels that given in the case of sulphur dioxide (a fumigation rather than an 


increase in emission) 


ll. THE EVENING PEAK IN THE DAILY POLLUTION CYCLI 
4 secondary evening surplus of high concentrations is well documented through- 


out the air pollution literature. However, as yet no satisfactory explanation has 


been offered. It is believed that the present study is the first attempt to examine the 


effect on a seasonal basis and in relation to lapse rates 
With respect first to Figs. 12-15, why is there a surplus of high sulphur dioxide 
concentrations under lapse conditions in the autumn and winter, but not in the 


spring and summer [he surplus is not caused by an evening increase in emissions ; 
otherwise, there would be a similar effect in spring, which has a higher degree day 
total than autumn. Furthermore, the surplus is not the result of a looping plume 
which has a maximum frequency in the afternoon (Table 2) and which occurs in 
spring as well as in winter and autumn 

It has been established that sulphur dioxide emissions are mainly from elevated 
sources. Decreasing late afternoon and evening turbulence can, therefore, hardly 
explain the effect. Eddy activity diminishes first near ground level, gradually extend- 
ing upwards and producing “ lofting ”, a condition in which the pollution 1 
escape aloft but has difficulty in reaching ground level 

The authors are, therefore, led to the hypothesis of an evening fumigation mech- 
anism in which there is eddy activity near the ground with stable air aloft. Such a 
theory would appear at first glance to be rather difficult to substantiate but must be 


given careful consideration. Four possible mechanisms will be discussed 
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nal turbulence may have disappeared while mechanical 
owest 100 ft o1 uch an explanation is unsatisfactory 


peak does not occur under inversion condition 


inversion angi t to a saturated adiabatic 
could, therefore, conceivably be caused by pre 
established ground-level inversion In order to 
would be ne ry to examine the diurnal and 


a study beyonc > scope of this paper and to be 


conditions are right, inversions develop over rural areas 


including automobile exhaust gases (WHITEN, 


lowest levels throughout the urban area. 


observed the phenomenon with simultan 


A complex city “ heat-island ”’ 


nd instability near the ground 
Bath, England (BALCHIN 


re obse 
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(1) In t evening, thet 
because t 2nd is 

2 water chang to ice, ay wart the air and produc 
a dial rt ground, destroying, in the very lowest layers. an invet 
; t ped to considerable heig Such an eflect might be present i 
{ j tel \A er, in a large sample of data, it is not likely to occur 
pred pecific time period, 19-22 ES] If there were any clustering of 
ca t d be ymewhat earlier in the winter than in the autumn 

(3 Py Cif a ar 
\ ng fumigation 
Cipitatio | through a well 
explore t possibility, however, ! 
reported later 
1956), maintai pse conditions in the very 
cous wire nts over built-up and open areas. (Ee 
circulal yp. resulting in stable air aloft a 

Sulp dioxid tted uiniy from sources at heights of 200 to 300 ft. Henc« UISI/ 
' heat not reguit 1 stable laver of air at about 300 ft with laps 
condit b Since the eve r pollut peak occurs only under lapse cond 
tions 1) ft layer), the theory d nds that the wyBK Television Tower 
site be t ind in autumn and ter and that there be some evidert 

ul O ) : However, t percentage of ca each 4-hr period 

al f conc Howeve tne evidence suggests that so tning 
unusua taking place in the period 19-22 EST and that the evening surplus of hig 
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concentrations is accentuated when there is a fumigation situation 
investigate this at a later date when more data are available 

In the case of suspended particulates under lapse conditions, there is a 
period 19-22 EST but it occurs in the spring as well as in autumn and wint 
feature not present in the SO, curves is the winter 
period 23-02 ESI If the evening fumigation hyy hes! accepted, tl 
level turbulence is required to extend upwards only t or 100 ft for 
particulates because of the generally lower 
effect can, therefore, occur more frequently, a rez 
of the year than in the case of sulphur dioxide 

[he separation of data in this study is based upon whet! 20 ft—300 ft 
ture difference is positive or negative. In the evening, any inversion in the 
part of the layer is likely to be slight, which would account for the evening pollu 


peak under tabulated lapse conditions. The argument may be extended to exp 
the later peak (23-02 EST) under inversion conditions in Figs. 16 and 17; it is per- 
haps due to the fact that the inversion in the upper part of the 20 ft-300 ft lay 
requires time to develop sufficiently to outweigh the lower lapse conditions in the 
tabulations 

[he principal objection to a “ heat-island *’ hypothesis is that the wssk Television 
Tower site is rather far from downtown Detroit. DUCKWorTH and SANDBERG (1954) 


suggest 4-6 miles* as the significant central area for San Francisco. The authors of 


the present paper would welcome more published data from other cities 


[here remains to be explained an SO, surplus under inversion conditions in the 
15-18 EST period in the spring, summer and fall. This is a daytime phenomenon 
and it is necessary to consider under what conditions there might be a ne version 
in the 20-300 ft layer in the afternoon. Preliminary investigation suggests ox 
in the wake of precipitation, possibly as a result of surface evaporationa 


A detailed analysis is beyond the scope of the present paper 


CONCLUSION 
Ground-level concentration f pollution are 
meteorological factors. On any one day, the 
variations, and it is only wl 
daily and seasonal patterns 
possib 


study 


Chappell station. With 
particulates, the probabilities « 
Windsor area. Sulphur dioxide records, on the « 


in single stack studies, are not particularly represent 
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THE AIR POLLUTION BY WASTE GASES FROM FACTORIES 
IN THE INDUSTRIAL AREA OF TOKYO 


S. IcHIKAWA, G. URAKUBO and N. YAMATI 
National Hygienic Laboratory, Tokyo, Japan 


(Received 2 November 1958) 


Abstract—A survey of the concentration of air pollutants from chemical factories has beet 
out in three selected industrial areas. In factories where preventive measures were either 
inadequate, concentrations of SO, and NO, were respectively in the ranges 0-016—0-80 p.; 


0-04-16 p.p.m. In the surrounding districts the SO, concentration was in the range 0-01—0-37 


INTRODUCTION 
THE following report describes part of an investigation of air pollution by waste 
gases from chemical factories in the industrial area of Tokyo. The districts con- 
sidered in this survey were suggested by the Public Health Division, Health Bureau 
of the Tokyo Metropolitan Office, by whom many complaints had been received 
from local inhabitants. The area around and within the factories was investigated 
from June to September 1957 
[he areas investigated are described below 


frea A 


2-Chome, Chogo-Machi, Itabashi-Ku, where many factories are ated n this 


area the principal factory (S), which covers approximately t produces 


Fic. 1. Sketch map of Area A. 
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Fic. 3. Sketch map of Area ¢ 
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In the nickel refining process, extrac- 


mainly chemical fertilizer and refined nickel. 
tion of the residual solution of nickel electrolyte with H,SO, produces large amounts 


[here is always associated with this process a foul smell which at tir 


In the vicinity of this factory there are shops, schools and do 


of SO,. 
Causes irritation 


dwellings 


B 
5-Chome, Toshima, Kita-Ku. In this district 


the chief factory (N,), covering approximately 230,000 1 


Sulphuric acid d by the cataly 


there are many factori 
produces 


manutacture 


and chemical fertilizer 
1 cause pollution of the air b 


the lead chamber process, both of whi 


and domestic dwelling 


In addition there are shops. 


{rea 
Numerous factories are situated around 7-Chon 


Three factors 


Komatsugawa and Edogawa-Ku 


Mea- 


point 


10.40 
12.00 


13.00 


10.10 


13.90 


13.15 
16.30 


10.15—13.15 
13.20—16.40 
odour 


10.15 Odourless 
13.30 


On the root ol 


10.20 
an mk tactory 


13.00 


10.30—13.30 0-015 
13.35—16.30 0-042 


OKINg 


K1d 
in this arca 
i-Cho. Koto-K 
TABLE |. AREA A 
We er COr lit 
Mea I Sampling SU) 
suring Iemp. Hu lit Direc Velocity R 
2 6 6.5 IR 41 ().7 
59/60 5 13.00 29 61 SSI 3-9 
1 4.00 0-800 10 61 3.9 
4.6.5 | 3.20 25 N 2-¢ I in the 
mE 16.30 27 64 SI 5-0 ty some 
l e and 
19.6.57 10.15 27 60 SSI As al 
13.20 29 $3 S 4-4 
ng 
wilt 
13.6.57 25 64 NNW 1-7 As above 
28 $5 SSI 3-0 
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Factory P produces sulphuric acid by the catalytic process 
Factory 7 manufactures chemical fertilizer and sulphuric acid by the catalytic and 


by the lead chamber processes 

Factory N. produces chemical fertilizer and sulphuric acid by the lead chamber 
process 

In addition there are workshops and hostels, but only a few private houses. Many 


complaints about the irritating odours have been received from the local residents 


ANALYTICAL METHODS 
SU. Was isure t the fuchsin-formaldehyde method as approved by the Arr 


Japanese Pharmacological Association. NO, was mea- 


naphthylethylenediamine method, approved by the Au 


assessed using an Assmann’s aspiratory psychrometet 


nethod approved by the Air Testing Conference 
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Testing Conference of th 
sured by tl fanylam 
lesting Conference as above 
Weather conditions were 7 
and an an eter after the | 
RESULTS 
The results al summarized u lables 2 and 3 
Taste 2. Area B 
Vi 
Weather aditior 
1959 
\ y SO 
re Humid Direc- Velocit R 
{ ¢ 4 ESI 4 Slight 
NE 200 
+ NNI M | 
10-16.15 65 NJ } 
w-12.4 2 NNI 3-4 \ Ove 
) 50-12 4° 24 N 4-0 re 
00 24 ENI of \dourk 
0.20 2 NNI 1.3 hove 
+ 0015.45 27 75 NNI +0 
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DISCUSSION 
Area A 
SO, was detected seven times (0-015-0-8 p.p.m.) and was not detectable e 
times (less than 0-002 p.p.m.). Inside the factory the SO, concentration varied from 
0-156 to 0-800 p.p.m., always giving rise to a strong irritating odour. It was especi- 


TABLE 3. AREA 


Weather condition 


Measur- 
Measur- ampling SO, NO 


ing 
ing date time (p.p.m) | (p.p.m) 
point 


Temp. Hur 


0-584 


0-320 


0-140 


0-061 


* Dashes 


ally severe during working hours owing to the use of open vessels for the nickel 


extraction process. Modification of the plant design would probably lead to a marked 
reduction in the level of SO, concentration. Irritating odours were experienced 
downwind of the factory 


nidity Direc- Velocit Remarks 
{ ) tion ol i wind 
wind m, Sec 
26.8.57  10.00-12.10 0-234 0-481 25 65 | 3-8 Sme of SO 
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\ > 10-13.354 16-406 29 NNW rather 
39.57 0.30-12.00 1-149 29 NNI S SO 
3-15.10 0-055 3] 64 N 
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4 39 {).33 9 47 4-4 ind 
435-1590 370 4-¢ t i 
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indicate less than 0-04 
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SO, concentration, only 4 were positive (0-009-0-02 


SO) Col tions OF the order of 0-0] p.p.! 
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process 
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P-P \t measuring point |, wees 
ob ns. In the factory the concentration of SO, wa 
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| ( 
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5 nr ) 
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NO. vas in the range 0-672 p.p.n [he Ol making 
C j rise to a strong odour of silico-fluoride Ihe fume-arresting 
fact ‘ adequat At factory P the SO, concentratior 

p.p NO, w getected once (VU ¥ p.p.m.) Although 

: upment wa operat I ery little odour was detectable Despite 
ine } SO), at factory A t was not measurable owing to the high concentra- 

\ p | and 2 the « entrations of SO, and NO, were Ww d 

an 

Obs ts 3 and 4, on the leeward side of the three factories, showed high I S9/ 
{ Gg at these point tnere Was a severe 
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lt h wn that SO, and NO, mutually interfere in the methods of analysis 
whicl ed. It probable that the failure to detect SO, at factory A 
was prevailing high concentrat NO 

lest carried out using known xtures of SO, and NO It was assumed 

that the enc ‘ t absorption of the SO, and NO, in the mixture by the absorbing 
\ 
. 
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Fic. 4. Influence of NO, on absorbency of SO, test solutions 
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solution was 100 per cent. Fig. 4 shows the influence of NO, on the colour develop- 


It is seen that the absorbency of the 


solution decreases with increasing concentrations of NO When the concentration 


of NO. exceeds 20 10 mi (760 mm. 0 r Smi. SO, ts undetectable Fig. § 


ment of the fuchsin-formaldehyde reagent 


the test for 


NO Cann 


shows the effect of SO, on the absorbency of the colour reagent 


In the presence of SO, concen 


detected in the range | x 10 
lo confirm the above data a 50 |. sample of air containing 0-2 p.p.m. of bot! 


and SO, was passed through the absorbing solution, which should then 


tained 10 x 10-* ml of each, assuming that th 
From Figs. 4 and 5 it can be seen that the observed concentrations of SO, and NO, 


As expected, the observed 


Nave 


e absorption efficiency is 100 per cent 


should be 60 per cent and 40 per cent low respectively 
concentrations were 0-08 p.p.m. of SO, and 0-12 p.p.m. of NO This explair 
SO, could not be detected when there were high concentrations of NO, 
rocedures 


Examination of the mutual interference of SO, and NO, in the analysis p 


will be continued 
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Abstract—The Londor of 2 


rh 


5 December, 1957 was accompanied by a marked increase 
rise in mortality and in the demand for he 


spital beds Deaths d 
ated to numbDer 


at least 763 and may h 


(ort er London are estin ave been 1000 ( of 
with other London fogs and the possible effects on mortality of 


fogs of short 


IN additi 


the fog disaster of 5-8 December, 1952, fogs associated with a 


of atmo 


pollution and with appreciable increases in the numbers of deat! 
have occurred in Greater London from 26 November 


2 January to ¢ Jan 


to | December 1948, fri 


1956, and from 2 to 5 December 1957 
eport of the Chief Medical Officer of the Ministry of Health and has 
detail by BRADLEY ef a/. (1958) and Scott (1958) 


Ihe latter is review 
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ATMOSPHERIC CONDITIONS 
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Europe t 
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3 days, clearing rapidly tn all 


the fog was that durin 


a dead caln 
suspended 

3 days, reaching 

London, the atn 


below tl 


were recorded and at Woolwich and Ho 


correspon 


ponding ones for 1952. At Woolwicl 


Suspended mi 5-43 
naximum concentrations 


MORTALITY AND MORBIDITY 


ndon, a special tabulation of deaths related to the day of occurrence 
the General Register Office. This showed that the total number of 
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Atmospheric Pollution in Great Britain: London Fog December, 1957 


deaths from all causes rose from a level of from 240 to 280 a day before the fog to 


350 on 3 December, 392 on 4 December (excluding 87 deaths in the Lewisham train 
disaster, an indirect result of the fog) to 472 on 5 December. Mortality was heaviest 
on the eastern side of the city. No cause other than fog can be found for the increase 
in mortality; the epidemic of Asian influenza which had occurred during September 
and October was over and few deaths during the fog period were certified as being 
due to influenza 

Estimation of the numbers of deaths attributable to a fog is hazardous as much 
depends on the curve which it is assumed mortality would have followed had there 
been no fog. BRADLEY ef al. (1958) estimate that the deaths resulting from the 1957 


November vecembder 


Fic. 1. Deaths in Greater London classified according to the day of occurrence together with 7-day 
moving totals of applications for admission to hospital made to the Emergency Bed Service Bureau 
and mean daily atmospheric pollution figures. (Deaths in the Lewisham train disaster are 

excluded.) 
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763 and may have been over 1000. This compares with 
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ind 700-800 for that of November December 1948 

om the fog is possible, but the daily 
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No estimate of the morbidity resulting | 
tions to the London Emergency Bed Service Bureau provides a 
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kness in the area and gives a clear indication that t 


if the trend of sic 

resulting similar to that for mortality 
yntrast the mortality associated with fogs during recent years 
of any increased mortality in many of the earlier incidents, 


that London fogs have recent 
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in the proportion of the population 


increase 


effects his report for 1957 the Chief Medical Officer has 
pointed ou at an important feature of the recent fogs has been that mortality has 
f the time before the atmospheric pollution 


first day of 
and that this suggests that many fogs of shorte 
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r duration 


a definite mortality which, though serious, 
obvious in the mortality statistics investigation of London 
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igh density Their effect on health has yet to be assessed, but 
he smoke and sulphur dioxide content for a short time exceeded 
1952 (BURN, 1959). Scott (1958) has pointed out 
had a higher SO, and lower smoke content than that of January 
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SMOGS IN BRITAIN AND THE ASSOCIATED WEATHER 
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Abstract The smog conditions of the 


Sary association with quiet, anticycioni onditions 1s emphasize 


reference to some of the worst smog inc its which occurred in Jar 
bility is mentioned of instituting a f meteorologica 


output of smoke at times when the we er conditions are fay 1 of per 


A LARGE number of people in Great Britain will remember the winter of 1958-59 
mainly for its association with smog. Those who suffered most may have memories 
of little else, and even the healthiest of the inhabitants of certain large towns would 
probably be prepared to agree that on occasion they were more painfully aware of 
smog during the past winter than ever before 

Ihe worst conditions of smog occurred during January and February, and it is not 
merely a coincidence that quiet, anticyclonic conditions were a prominent feature o 
the weather during those two months. In winter the large central area of an anti- 
cyclone, with very light winds or calms and probably a subsidence inversion aloft, 
provides the most favourable situation possible for the formation of fog and for the 
retention within a shallow surface layer of the smoke discharged from chimneys 
Winter is the important season because then the heat from the sun may not be strong 
enough to disperse the fog with its embedded impurities, and thus a clearance may 


have to wait until freshening winds arrive when at last the anticyclone moves away 


Moreover, while the smog persists, the temperature of the air falls, inevitably the 


consumption of fuel rises, so the smog intensifies—and so on 

In order to appreciate more precisely the association of smog with a certain 
weather type, let us select for examination some of the worst incidents of last January 
and February 

[he first example is the 4-day period from 13 to 16 January. On 13 Janu 
and frost occurred in Lancashire and persisted until the following day, by 
many parts of northeast, central and eastern England were similarly 
this time the area of fog was shifting somewhat and, although no imy 
occurred in many parts of the Midlands and East Anglia, there were clea 
Lancashire, but the Glasgow area became foggy with temperatures below 
point. During these 4 days the British Isles were under the influence firs 
cyclone extending from near Greenland and then of another high pressure 
the south. The pressure distribution over the British Isles at 0900 hours on 15 
January, 1959, is given in Fig. 1, where the areas from which fog was reported at 
about this time are indicated by shading. As shown in the figure, the main anti 
cyclonic centre was away to the northwest but an area of calm or light winds covered 
the whole of Scotland and the greater part of England. The shifting of the fog area 
during the 4-day period reflected the slight changes as between areas of very light 
winds and areas of rather stronger winds over a large expanse of quiet weather. 
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to reduce the smoke emission on the few occasions that the weather makes it important 
because 


This seems a very practical way of considering the problem, 


to do so? 
there are many days when it matters not at all whether domestic and other chimneys 


emit smoke. On the other hand, for any one district in Great Britain there are a 


few days each year when smoke may be trapped for many hours in a shallow 


layer and cause smog. Obviously on these days it would be highly beneficia 
would involve a system of meteorologica 


e been introduced in parts of Canada 


or no smoke were emitted This 
similar to the measures which hav 
United States for reducing the output of pollutants by heavy 


the weather conditions are unfavourable for rapid dispersion. A 


industry at time 
solutior 


nature would raise many practical difficulties and would demand great flexibility 
the part of industry, but it might provide a useful intermediate step pending 


increase in the number of smokeless zones 
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THE PROBLEM OF ATMOSPHERIC DIFFUSION 


Abstract 


waste products into the atmosphere has 


273 the English Parliament 
Unfortunately this gallant 
tle long-term success. But it 
trial communities for 

noweve 


od, and 


WITH MOI ’ DIFFUSION AND ITS FAII 
analogous to the c 
in 1955 The Fickian t 
roportionality betwee ] 


e concentration 


D, the molecular diffusivity, is analogous to the thermal conductivity in the heat 
diffusion For a given combination of medium and diffusing substance D is a 
constant at any particular temperature and many problems of molecular diffusion 
are therefore susceptible to relatively simple solution 

[he rate of diffusion in the atmosphere is, of course, nearly always vastly greater 
than could be produced by molecular activity alone. Observation shows that a 
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The Problem of Atmospheric Diffusion 


small smoke puff released in the atmosphere often grows to a diameter of the 
of 100m in 5 min, whereas by molecular diffusion alone the diameter after this 
would be less than $m. This rapid dispersion is the result of the chaotic 
and intermingling of masses of fluid on a very much greater scale than that 
molecular mean free path 

Nevertheless it was natural that early studies of atmospheric turbulent diffusion 
by such pioneers of turbulence theory as G. I. TayLor, L. F. RICHARDSON and W 
SCHMIDT should have been directed in the first place to seeing how far the Fickian 
treatment could give a useful description of the phenomena and some indication 


the magnitude of the turbulent diffusion coefficient K analogous to D in the above 


equation. TAYLOR found, for example, that the distribution of wind velocity in the 


lowest 1000m or so of the atmosphere—the friction layer—could broadly be explained 


by values of K (for momentum transfer in this instance) of the order of 10° to 10 


cm* sec; values greater than the molecular value by a factor from 10* to 10° 

It was recognized as unlikely, to say the least, that a constant universal 
K would be found suitable in treating all the various manifestations of atmo 
diffusion. A very wide range of K values did indeed soon appear in the met 
logical literature and the complexity of the subject began to be apparent 

Following the inception by JOHNSON in 1921 of systematic quantitative 
the diffusion of smoke and gas, mainly from sources on the ground, it was soon 
found that as between different occasions the values of K varied widely with sucl 
factors as wind speed, atmospheric stability (i.e. vertical temperature gradient) and 
the nature of the underlying surface as regards roughness 

An approximate proportionality of transfer coefficient to wind speed was 
prising, but the great influence of the vertical temperature gradient was an intet 
and obviously more complex phenomenon. It is actually the vertical density 
that 1s physically important, but for air the su nverse relationship be 


absolute temperature and density makes it more venient to work In te 
temperature gradient 


By day the warming of the ground b lar radiation c: the superinc 


air layers to become warmer and therefore lighter than those ; ve, so that 


convective up currents with broader compensating down 


} 


ing action which greatly increases the diffusive power of the atmosphere 


conditions are referred to as unstable or strong lapse conditions and typica 
is a marked decrease of temperature with height up to 50-100m 

By night, particularly with a clear sky, the ground loses heat by radiation to space 
and sets up a surface temperature inversion, i.e. temperature increasing upwards to 


heights of the order of 100m. The stable density gradient largely damps out 


ence, and in extreme cases the fl 


ow becomes virtually streamlined 
are referred to in the following as stable conditions and the state 
density stratification effects is called neutral stability 

The striking difference in turbulence conditions between unstable and 


ditions is illustrated in Fig. 1, which shows recordings of the vertical com} 


th 
n 


* Because of the decrease pressure with heignt tral staoduiiity irs 
decreases with height at the rate of | r 100n 
“ pocket” of air descending 100m under these conditions would be warmed |  ¢ 


and so still be at the same density as the surrounding air on its arrival at the lower 
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nade at 29m above open grassland, the mean wind speed being almost 
n the two cases (4:5 m sec). The vastly different behaviour of smoke 
two such occasions is a matter of common observation 


lecessary to cope with variations of the diffusion coeffi 


’ meteorological conditions the problem would have 


varied with tl 
be illustrated by cx 

ple structure. First, the fit 

characterized by circular 
uld correspond to a medium of constant AK, and 
s originally very close together would be expect 


lo! rownian movement, namely 


lation of the distance of the particles from the centre of 
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the puff after time ¢. After a rapid initial dispersion the cluster would grow more 
and more slowly 

Now let us suppose this fluid to contain additionally another turbulence or 
much greater scale, Im for example. Then a cluster of particles from a point 
would for some time diffuse under the action of the small-scale turbulence 
because over small separations the velocity gradients in the fluid would bi 
entirely those associated with the fine-grained turbulen [he path of 
puff would, of course, be mo! less sinuous ow 
but that at first would be tl 
be comparable in size wit! 
soon predominate and the 
to these eddies. After tl 
to the square root of the 

Ihe history of our smoke pufl 


is similar) is illustrated diagramn 


is from left to right. The diffusion (as distinct from meandering) of the 
source S as far as B could be described by a K value appropriate to the 
turbulence. Beyond B we would soon need to use a much larger K ass 
the large eddies 

The natural wind contains eddies covering a great range of 


luctuations shown in Fig. | There is, of course, in such 


from the turbulent velocity f 
records an inverse proportionality between eddy size and the frequency of oscillation: 
eddy size and frequency are to some extent analogous to wavelength and frequency 
when we are dealing with light and sound. Corresponding to spectra of lig 
noise, we may speak of the spectrum of turbulence, 1.e. the distribution 
kinetic energy over the frequency range in whatever field of steady state 
motion we may be studying 

\ physically adequate treatment of turbulent diffusion needs formulation in terms 
of the spectrum of turbulence as was first fully realized following a classical con- 
tribution by TAYLOR in 1920 which has given rise to the statistical theory of turbulence 


as well as to significant advances in other fields (e.g. communications engineering) 


much concerned with quantities fluctuating with time in the manner illustrated by 


the eddy velocities in Fig. | 


Den matically in Fig I ch the general drift of fluid 
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THE STATISTICAL THEORY OF TURBULENCI 
peregrinations of particles emitted, for example, by a point source will be 
in statistical terms if we know how the particle velocity at one moment is 
hat at later times. If, at one extreme, the correlation coefficient is 
the particles travel in straight paths at uniform speed and so scattet 
gun. In this case the r.m.s. value of the particle displacements 


the cloud increases proportionally with elapsed time ¢. At the 


tal lack of correlation between the motions at all time intervals 


value would correspond to a diffusion of the molecular t 


turbulence TAYLOR showed that 
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exponentially with time as in Fig. 3a [he corresponding spectrum is shown in 
Fig. 3b, with frequency plotted on a logarithmic scale as is most convenient for 
turbulence spectra owing to the wide range of frequencies involved. Then nF(n) 
has the significance that the fraction of @ (total mean square velocity fluctuation or 
turbulent energy per unit mass of air) associated with a band of frequencies, say 
from m, to m,, is represented by the area under the curve between the ordinates at n 
and n, 

Unfortunately for the study of atmospheric diffusion the R(&£) line of attz 
proving very difficult to exploit in a really satisfactory manner for several reasons 
which will appear in the sequel 

he first difficulty arises from the very nature of turbulent diffusion which det 
a treatment in terms of the erratic progress of fluid particles through the fic 
in other words, some form of Lagrangian description of turbulent structure 
requirement is hard for the experimentalist to meet; to secure the requisite 
tion in sufficient quantity for satisfactory statistical treatment is a very laborious 
undertaking and one not susceptible to automation of the kind now increasingly 
employed to secure some types of observational material statistical basis 

Work has been done using suitable markers carried by the wind: zero-lift 
soap bubbles, dandelion seeds and smoke puffs hi all been used at va 
according to the scale of atmosph turbulence under study. With m« 


existing techniques it 1s difficult to follow the tracers for sufficiently great 


This and the amount of labour involved has so far prevented a large enough body 


ata being amassed to be o uch real assistance to the theoretician 
turbulence with a 1 installation is 
ng body of Know g resulting [rom su 
is hoped thi may be capable of translation | Lagrangian 
whether this is po le su ient r, indee¢ s sufficient 
are questions currenuy he followed up in Sey al quarte was evident 
attention given t natter at the Intern nal Symposium on At 
Diffusion ; , n held at Oxford in August 1958 (Scorer, 1958) 
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which one obtains from equation | for values of T such that R(é) has not fallen 
much below unity in the interval 0 to 7. In these experiments T had values up to 
0 sec, whereas the auto-correlation curve from the fixed point measurements showed 


a decay to zero in about 15 sec. This again shows that the Lagrangian spectral 


it for diffusion snerally much lower than those indicated by 
cording instrument urther work on ground sources Hay 
d ratio in the same sense 
studies with fixed installations, | shows 
ertical eddy velocity fluctuations measured at 29m using a 
vel meadowland and from the complete recordings (only shown 
he corresponding auto-correlation curves and eddy spectra are 
Ihe wind speeds were identical on these two occasions (4-5m sec), 
ifferences between the auto-correlations and the spectra are due to 
layers as between 
curves are drawn 


between two ordinates roportional to the eddy energy associated 


ncy band and the two spectra are related in the same manne! The 


id 


total ed rgy (vertical component) is rather more than four times greater for the 


unstable occasion than for the evening run, and much of the energy by day is associated 


low frequency fluctuations which are absent or very small by night. The several 


the daytime spectrum at frequencies above | cycle min are mainly due to 


il 


nple of turbulence analysed: the mean of several spectra taken under 


similar conditions would show a smoother distribution with only one maximum in 


this region. However, there is evidence to show that the low frequency peak (at 


~0-8 cycle min) is associated with the passage over the tower of a pattern of con 


vection currents favoured by the strong heating of the ground and the moderately 


light wind 

It has long been known that the horizontal components of turbulence near the 
earth’s surface are more energetic than the vertical component; the ground exerts a 
restraint on vertical motion which is very marked at low heights. Fig. 6 is interesting 
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as showing that the turbulence at a height as great as 109m also displays a very 
marked difference between horizontal and vertical motion with a greater proportion 
of energy associated with low frequency oscillations in the former. The spectrum of 


vertical motion is found to vary more with changing atmospheric stability conditions 


than does the horizontal spectrum ’ urse, understandabl 
the fact that convective motions arising from an unstable density gradient 
to have more direct influence on vertical motion than horizontal 

A second difficulty in the application of statistica 
1S connected with the fact that on most occasions tl 
off at lowel Irequencies as rapidly as t! 
into the low frequency region as is we 
with the horizontal motions which affect the lateral diffusion of airbor 
This difficulty has long been recognized—L. F. RICHARDSON drew attentix 


and it arises from the rather artificial separation of atmospheric flow into 


the mean flow and the turbulence which is considered to be superimposed upon it. 


When fluid flow is guided as in pipes and channels, the consideration of turbulent 


cross-currents is a valid one. When further the flow is taking place under a constant 
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driving force or one varying quite slowly in a regular manner, then the full classical 
Reynolds conception of mean flow and turbulent components can be applied without 
ipart from a constraint by the ground on motions perpendicular to 


earth’s surface is seldom steady in this sense and the conceptions 


roken line) components ol eddy velocity at 


r moderately unstable conditions and wind 


PANOFSKY and R. A. McCormick (1954).) 


ly fluctuations become correspondingly vague. For this reason 


ntal plane will always be less susceptible to precise treatment 


atmospheric turbulence in the frictional boundary 

structure of turbulence with height. This is par- 

motion, the scale of which is found to increase 

{ ip to 100m or so—t1.e. the eddy frequencies of 

lower than at 10m by about one order of magnitude and 

by two orders. In the same layer there is also an appreciable 
id speed and direction with height which is often quite striking 


ratification). Such shearing motions cause bodily 


material and can interact in 


nt of turbulence and diffusion has advanced rather more 
rapidly with the relatively simple fields of turbulence which can be produced in wind 
tunnels, and in recent years some progress has also been made in the study of tur- 
bulent boundary layer flow as a result of a close collaboration between theoreticians 
and experimentalists. Such laboratory studies have been and will continue to be of 
great assistance to the worker on atmospheric problems. The controlled and repro- 
ducible conditions of the laboratory are favourable to more rapid progress than is 
possible in the open air. However, there are some limitations to work on the small 
scale when it comes to transposing the results to a much larger scale. In aeronautical 


roblems this has led to larger and larger wind-tunnels, so that now one of the 


pr 
la 


irgest (operated only at night) takes as much electric power as the city of San 


Francisco. As the turbulence researcher has to make do with more modest equip- 
it follows that observational work in the open air must continue to be a vital 


activity 
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The laboratory work, as well as some less extensive investigations in the atmos- 
phere, has given considerable support to some ideas put forward by KOLMOGOROFI 
in 1941. Asa result of these a useful degree of similarity is being found between the 
smaller scales of turbulence present in many different types of turbulent flow, par- 
ticularly in those cases where the spectral range is large. The key idea was that 
smaller eddies are generated by and receive their energy from larger ones. The large 
scale motion may be very anisotropic as in the atmosphere near the ground, but this 
anisotropy is progressively lost as energy passes down the scale and 1s degraded to 
increasingly random motion ending up as molecular agitation, i.e. heat. 

The main differences between turbulent flows produced in a variety of ways reside 
therefore in the mean flow patterns and grosser features of the turbulence; the finer 
structure is simpler and of much more universal character and is found to depend on 
only two factors, the kinematical viscosity of the fluid (i.e. viscosity/density) and the 
average rate at which turbulent energy is being degraded to heat. Indeed a part of 
the eddy spectrum should depend only on the last-mentioned factor, the dissipation. 

[his partial unification of turbulence theory to cover the finer structure of many 
different fields of turbulent flow is unfortunately not very helpful with most problems 
of interest in the atmospheric pollution context where diffusion is usually strongly 
dependent on the coarser properties of the turbulence not embraced by KOLMo- 
GOROFF’S similarity theory 

An exception to this may, to some extent, occur when considering such problems 
as the lateral (cross-wind) spread of a smoke plume. The eddy motion in the hori- 
zontal plane is, as we have already seen, not restricted by the ground as are the 
vertical motions and so, at any given stage in the diffusion of the smoke, there is 
generally plenty of eddy motion on much larger scales than that most effective in 
diffusion. This relatively small-scale turbulence may therefore be in the * Kolmo- 
goroff range * to which similarity theory applies and, if so, it can be shown that 


the lateral diffusion coefficient K should vary as 


where « is the rate of viscous dissipation per unit mass of fluid and / is the scale of 
the diffusion which in this case can be taken to be of the order of the width of 
the smoke plume. This recalls a result of RICHARDSON (1926) who studied the 


variation of K with scale over a range of more than 1000: 1. He put together the 


results from small-scale experiments, from the scatter of balloons over distances of 
the order of 100 miles and the scatter of volcanic ash over even greater distances 


He obtained the then rather mysterious relationship that approximately 
K =0-2 


the value of the constant being in c.g.s. units; but it now appears that the similarity 
theory can largely explain his result 

Diffusion over large distances in the atmosphere is, however, often complicated by 
factors ignored in a simple treatment such as that above. Convection on the scale of 
cumulus clouds can feed energy into the turbulence at an intermediate point in the 
spectrum and so invalidate the Kolmogoroff approach. Marked variations in wind 
direction and velocity with height and convergence or divergence of the streamlines 
of the mean flow, as well as frontal phenomena, can grossly distort a cloud of diffus- 
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was a combination of such effects which caused the remarkable 

radioactive cloud formed as a result of the accident to a nuclear 
in October 1957. The cloud had spread to 150 km in width by 
120 km south of Windscale—a rate of spread greatly in excess 

nally be expected 

f the present position in turbulence research it is true to say that 

g a reasonably rigid logical framework has been rather slow and, 

problems, it will be necessary for some time to come 


rickety and less eleg: structures arrived at by a con 


material with various more or less crude mathe 


such an unhappy situation as might be imagined. Had 


"s inspiration in 1904 on | to avoid the difficulties of fully 
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roducing the boundary layer concept, the progress in ma! 
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should be capable of exploitation to give a more logical treatment of atmospheric 
diffusion than had at that time emerged from analyses in terms of Fickian K values 
He was handicapped by a complete lack of observational material on the Lagrangian 
correlation R(é) but, by making physically plausible assumptions and appealing to 


the vertical profile of wind velocity (the form of which is governed by the downward 


diffusion of momentum) he was able to fix certain parameters and develop formulae 


which have proved of considerable value. Sutton effectively assumed a form of the 
eddy spectrum and the way it should change with stability to harmonize with the 
accompanying variations in the wind profile and the general level of turbulence 
Most quantitative observational material on atmospheric diffusion is for emissions 
of suitable gases at ground level with chemical samplers distributed around arcs at 


various distances downwind of the source. Vertical arrays of samplers on pol 


were also used less frequently. For near neutral conditions the degree of agreement 
between SUTTON’s formulae and the mean of a large number of trials is 


below 


indicated 


Calculated 
Width of cloud at 100m arc 34m 
Rate of decrease of peak concentration with 
distance x for a point source 
Rate of decrease of concentration from long 


cross-wind line source 


[The agreement shown is partly a result of the formulae having been tailored to fit 
the 100m results, but the agreement between calculated and observed variations with 
distance is good and SuTTON’s treatment has generally been found to serve quite well 
over a moderate range of the variables. It somewhat underestimates the variation 
with atmospheric stability 

For the particular case of the vertical diffusion of material from ground sources it 
was later found that a semi-empirical treatment simpler than SUTTON’s could be 
made solely in terms of the observed variation of wind with height in the lowest few 
metres above ground. This formulation is free from adjustable constants and gives 
moderately realistic results in comparison with observation as shown in Fig , 
This figure is given not only to show the degree of success which may be obtained 
with rather crude treatments of essentially complex problems, but to illustrate once 
more the great influence of stability (i.e. vertical temperature gradient) on diffusion 
in the lower atmosphere 

Ihese methods which use, to greater or less extent, the variation of wind speed 
with height to give a measure of the intensity of turbulent exchange, useful though 
they have been in default of better, suffer from a practical defect in that interpreta- 
tion of the wind profile is often somewhat ambiguous. This arises from the fact 
that a large wind shear may arise in two ways—either from a large frictional drag of 
the wind over the ground (a large surface roughness) or with a quite small surface 
friction by a markedly stable stratification. The rate of diffusion would, of course, 
be very much greater in the first case than the second, but uncritical applications of 
the above treatments would not make the proper distinction 


* It probably has the failing, however, of glossing over the difficulty associated with the diffusivity 


varying with the scale of the diffusion, and encouraging extension to inappropriate conditions 
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It was good to note at the recent Oxford Symposium on Atmospheric Diffusion 
1 Air Pollution that much more attention is now being given to the measurement 


anc 
of intensities of turbulence because the same degree of ambiguity does not exist with 


as with the wind profile. A high intensity of turbulence may be either the 
esult of large surface roughness or of large instability (or both), but in either case it 


result in a high rate of diffusion as indicated by TAYLOR’s expression (see equation 
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being converted to turbulent kinetic energy in this layer.* The vertical heat flow, 
H, also produces an input of energy to the turbulence (positive if H is upward, 
negative if downward); this is because air warmed at the surface becomes lighter 
and moves upwards through the layer. H units of heat transferred from the surface 
to mass M of air raises its temperature by an amount JT equal to H/(MC,) where 
C, 1s the specific heat of air at constant pressure. The density of this mass of air is 
changed by the fraction 47/7 where T is the average absolute temperature of the air, 
and this change of density with respect to its environment evokes a buoyancy force 
of (Mg4T)/T (where g is gravitational acceleration), which therefore equals Hg/(C,7). 
If we suppose all the added heat to pass upwards through the layer, as will very 
nearly be true for fairly steady conditions and not too deep a layer, then H units of 
heat per unit area traversing the layer each second will result in work being done at 
the rate (HgZ)(C,T). There are therefore two rates at which energy is being 
supplied to the turbulence in the layer 0 to Z, viz.: 

by shearing stress rU, 

by buoyancy (HgZ)(C,T). 


When H is small the turbulence in the air is preponderantly of dynamical origin (i.e. 
produced by the shear) and the heat transfer will be by the process known as forced 
convection. On the other hand if 7U is nearly zero then the transfer of heat is solely 
effected by motions arising from buoyancy—a state called free convection. The 
pattern of the turbulence in the two cases is very different. In the intermediate 
states a governing parameter for the flow pattern should therefore be the ratio (R/) 
of these rates of working, i.e. 
gHZ 


This dimensionless number is therefore expected to play a part rather similar to that 
of the Reynolds number in non-stratified flow 
RICHARDSON in 1920 introduced a parameter essentially similar to Rf but, as it 

was not then possible to measure H and 7 in the atmosphere, he used instead the 
related values of the vertical gradients of wind velocity and temperature. Richard- 
son's number is therefore 

g o7 Oz 

It is customary now to call Rf (or variants of it) the flux Richardson number and to 
insert in its definition a minus sign to make both Rf and Ri positive for stable con- 
ditions, negative for unstable 


To demonstrate the value of Rf in co-ordinating observations under various con- 
ditions, Fig. 8 has been prepared using the excellent wind structure data obtain 


the Brookhaven National Laboratory, Long Island, U.S.A.+ (PANoFsky, 1953 


* Provided the shear stress is directly opposed to the mean wu 
the observatior 
For 
but in studic 


as yet less apprec 


} 


ich heights 


‘ ‘ 
oT u (or the ratio of differences 47, 4u over 


measurement 


good and fairly easily measured substitute except | 


VOL. 
2 
99/60 
PANO 
iated. This is perhaps because 07 th become too sm 


from the 91m level observations are 
ertical eddy velocity and U the mean 
H and r were measured 


not observed 


. lite Cl tel 
flux Richardson 
the dept! 


} +} 


snowing that the efiect of the 


a 


(a fact verified by observation), 


ess easily suppressed than at greater 


sky and McCormick, 1954). Values of { 
n h no ti rw ly 
vind sp } ime height On ten occ 
Ri lb ited. For another ten periods during which was ii! 
en by 47 Ju where 
+} 
perature diffe between heights of [im and |25n 
gd speed difi cK 
ite 7 iniation ol witl (Rf) and 
i nt ry good denc that one teature al 
a erned DY neal ind heat flux ine 
at ad hor oft stabi t\ effects or 
il dient (a t practice) is Gelective 
‘ A 
4 
} VC 
A L959/ 
‘ 4 4 
enable stoble 
KK Ri | 
t! eve turbulence table conditior iit of work 
nc n pumping heat vards pposition to tl 
| C I . 4. ts that wil creasing Stability a stage might be reached when 
Ze corresponding eamline flow RICHARDSON in ; 
Cla ‘ ipject Geduced that t! cnange irom streal to turbulent 
flow } t a critical Ri of unity Both theory and observation have sub 
lent t led to show that turbulence in a boundary layer dies out at some rather 
wer critical R irdson number than unity, bu yn has so far been 
estadiis Gg H aga 1 consideratior 1umber makes it 
C irer it ire Ri iries considered ior a 
shallow layer uir adjacent to the ground R/ Sa), es 


The Problem of Atmospheric Diffusion 


heights. Furthermore as long as turbulence does persist near the surface 


turbulent energy is likely to be transferred upwards, to hamper the establis! 


truly non-turbulent flow at the higher levels 


An observational difficulty in studying the more strongly stable condit 


Idy 


increasing emphasis which ts placed on the high frequency end of the ec 


It was instrumental limitations Brook! 


response 
being extended to greater stabil 
has been ilar 


sin 
Studies is not responsive enoug! 


the study of structure of tur 


reasons. It 


that 


tions for obvious 


this direction now unstabl 
successfully reconnoitred 
Buoyancy has a further acti 
accompanied by 


beneficial effect of ng ti 


increasl 
to nuclear energy Stator 


aspects of buoyant motion 1 


powell 
behaviour of buoyant 


ast few years and son 


which it is beyond the 


SCOPE 
formulae describing the behav! 
or two 

a physically reasonable manner, 
data is rather too small gIVE 
treatments or 
ing 


The 


stressed 


import ol 


The 


comn 


ance securing 


unications engin 


use the 


useful sigr 


lo disentangle 


the vari 


range of ibles unde 


It may worth underlinu 


being neglected. The author w 


he saw that a statistical exan 


} 


wind speed with height in t 


result that significant ef 


no 


strated! Further research 

rather suspicious behaviour of t 
gathered, almost in toto, on winc 
Similar, if less extreme, (but le 
the reasonably accessible range 


subsequent occasion 


(1955 Weath. Rev 


Mon 
and PAsQuILL 


GIFFORD 
Hay J.S 


equipment d 


nathen 


nature of problen 


as astonished on one 


ination 


(1957) J. Fluid Mech. 2, 2 


which prev 


ities than shown in | isewhne! 


signed in suitabl 


at night 


pollutior 


bulence needs to He 
to be hoped tha 
conditions hi; 
wheneve sion of diffusing 


on 
actory Cl 


er of considerable 


and 
nosphere 


foundat 


but at 


+} 


much indication of the relative 


atical physicist enough pabulun 


enough obser 


involy 


eer’s 


lals many 
estigation 
this last point by recalling a striking ex 
occasion in the war 
of a mass of data on the night-time 


est 100 ft in London parks produced the ren 


gradient could be 


this 


vertical temperature 


he report threw a ray of light on 


he atmosphere in London parks 


Cl 


ly overcast (and therefore air-raid free) wir 


ss excusable) examples of inadequate explorati 


of variables have been noticed on 


REFERENCES 
Wash. 83, 293 


some 


nent 


ol 


10 
particulal 
the seful laid. On the ba of t vork 
uf articie to do more thar entior piric 
near to tak i t of ti mor nortant fT t ' 
VOL 
BEE present t! rana ah 
2 pres« | pu Ca 
be very stimulat 
atmospheric turbulence it, to 
iriation of 
§ | he data had beer 
far shtc! 
= 
more than onc 


108 DEACON 


Hay J. S. and it F. (1959). Diffusion from a continuous source in relation to the spectrum 
and scale of turbulence. Proceedings of the International Symposium on Atmospheric Diffusion 
and Air f Oxford, 1958. Pergamon Press, London 

PANOFSKY 1953) Pennsylvania State College, Division of Meteorology, Scientific Report No. 2 
July 1. 1 

PANOPSKY and McCormick R. A. (1954) Quart. J. R. Met. Soc. 80, 546 

PRIESTLEY ( McCormick R. A. and Pasguiit F. (1958) Turbulent diffusion in the atmosphere 

926) Proc. Roy. Soc. A110, 709 
SCORER R. S. (1958) Int. J. Air P 1, 145 
Wess E. K #55) C.S.1L.R.O., Division of Meteorological Physics, Technical Paper No. 5, Melbourne, 


No. 24. World Meteorological Organisation, Geneva. 


FURTHER READING 
1950) The application of the similarity theory of turbulence to atmospheric 
J. R. Met. Soc. 76, 133-46 
1 TOWNSEND A. A. (1956) Turbulent diffusion. Surveys in Mechanics (Edited 
K. and Davies R. M.). Cambridge University Press 
LISON T. H. (1956) Atmospheric turbulence Surveys in Mechanics (Edited by BATCHELOR G. K. 
ind Davies R. M.). Cambridge University Press 
KARMAN T. VON (1937) Turbulence. J. Roy. Aer. Soc. 41, 1109-41 
PriestLey C. H. B. and SHepparp P. A. (1952) Turbulence and transfer processes Reviews of 
modern meteorology—7. Quart. J. R. Met. Soc. 78, 488-529 
SuTTon O. G 3) Micrometeorolog) McGraw-Hill, New York 
SuTTon O. G. (1 Atmospheric turbulence. Methuen Monograph on Physical Subjects. Methuen 
Londor 
TayLor G. I. (1927) Turbulence Quart. J. R. Met. Sov §3, 201-11 
U.S. WEATHER B au (1955) Meteorology and Atomic Energy. U.S. Government Printing Office 
Washington, 


VC 
2 
959/ 


Int. J. Air Poll. Pergamon Press 1959 ) ». 109-110. Printed in Great Britain 


Editors 


Computation of pollution from several sources 
THE study by D. H. Lucas (1958) of “ The atmospheric pollution of cities ” is both 
timely. Applications to an entire city of the quantitative methods of dispersion analy 
proved so effective in connection with isolated pollution sources have been surprisingly few 
less, the reason lies, to a considerable extent, in the awkwardness of the area sourc 
formulae that arise, and the labor of the numerical computations involved. Mr. Lt 
a simplified formula to describe urban pollution that seems to work very well. The purpose 
letter is to suggest an alternative computational approach that may have some advantages 


The area source dispersion formula is obtained by summing the point source forn 


sources (chimneys). In practice, Mr. Lucas has instead distributed the total estimated SO, emissior 


uniformly over a hypothetical city and integrated the point source dispersion formulae with respect 
to x and y, which is equivalent. In either event, one arrives at a formula for the concentration at a 
point (x, vy) due to the urban area pollution source. What I would like to point out is the possible 
computational advantage to be gained by regarding the problem just backwards 
Numerically, it comes to exactly the same thing if one calculates the concentration 

(x, y) from a number of arbitrarily distributed sources of equal strength, at equal elevation A 

one calculates (after reversing the mean wind direction), for a single source located at point (x, y; A) 
and of strength equal to the combined strength of the actual sources, the summation of concentrations 


that would result at the various actual source locations. A convenient way to do the actual computa- 


tions would be, first, to prepare a 

point sources, OF as weighted averages 

lays of the ground level, point source concen ) dist I stor va Is meteoro 

(and. if necessary, various source heig a int irce engtn id be prepal 

evaluation of point source dispersion formulae | facilitated by use of various nomogral! 

(1953). (1956). and | S. WEATHER BUREAI (1955)] Ihe concentration at point { 

urban (area) source is then found by selecting the appropriate point source overlay, orienting it over 


the city map with its origin at the receptor point (x, y), and extending upwind, and adding up all the 
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Mekhanika aérozolei (The Mechanics of Aerosols). Publishing Office of 
Moscow, 1955 Si pp. (In Russian.) 
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dispersing aerosols with transient characteristics are |: RRs 
0 \ with particles larger than 10‘ 2 ha: 
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Reviews 


drops larger than the mean free path of molecules (r>/) and of drops approaching the size of 
mean free path 
He summarizes the results of much experimental work and compares them with theoretical va 
The second chapter he devotes to the quasistationary evaporation and growth of drops n 
through a gas medium. He again compares the results of theory (his own and those of other 


with experimental results 


The third chapter deals with non-stationary evaporation and the growth of drops, bot! 


turbed and moving. 
Several special recent works on the kinetics of evaporation (1950-54) are discussed 
The monograph is a valuable hand-book for all experts in the field of liquid aerosol 


especially valuable for the correlation of various theoretical and experimental results 
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THE AREAS WITHIN CONCENTRATION ISOPLETHS 
DOWNWIND OF CONTINUOUS POINT SOURCI 


WILLIAM P 
Geophysics Research 
Air Force Cambridge 


ved ¢ Var 


Abstract Empirical forn 101 
exceeding a given value are preset 

of the logarithm of the area agair 

strength and the logarithm of the « 
wind speed at 2 n 

means Oo! cert 

stability whicl 

at2m:; the ter 

The first parameter 


the least The 


INTRODUCTION 


DURING the summe he Geophysics Research Directorate of the Air Force 


Cambridge Research Center sponsored and directed Project Prairie Grass, a field study 


of the diffusive power of the atmosphere he data taker iring Project Prairie 
Grass can be analyzed from ; imber of vi e data have been used t 
evaluate SUTTON’s diffusion equatior AD al \ N, | and a forthcoming 
paper will discuss the Calder yn formulation in light o ese data. However 
one is frequently concerned wit Te m ol mating hov an area will be 
affected by dosages ol a 
farmer to know directly w mucl hi ps may be lected to a toxic dose of 
some contaminan hé able to specily U ms on tration and point values 
of concentration over his fields t is to this problen 
to determine the area which will subjected to concentrations 
than a specified value, and, perchance, to discover son 
influencing this area 

[he participants in Project Prairie Grass were a grou om the Massa 


Institute of Technology who made the diffusion measurements and some 


University of Wisconsin, the Air Weather Service and the Air Force Can 
Research Center. The data used in this study were taken mainly from the 
the first two groups 
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For the purpose of a brief subject orientation a short description of the observational 


site and procedures will be given. Further details can be found in BARAD and HAUGEN 


(1959) and a complete description in BARAD (1958). 


2, FIELD SITE AND OBSERVATIONAL PROCEDURES 


eld work was conducted over a flat prairie in north central Nebraska near the 


The fi 


town of O'Neill. At the beginning of the program the uniform grass ground cover 
i height of about 5 cm and during this test period little growth change 


was mowed ft 


occurred 
Sulfur was used as the tracer element It was emitted for 
height of 46 c 


during sixty-four gas releases and 150 cm during six releases 
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measurements of the electrical conductivity of 


3. COMPUTATION OF AREAS 
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seven because of various equipment malfunctions ; 
six because of extremely light and variable winds or mean wind direction shifting 
during release ; 


two because there were no concurrent meteorological data ; 


one because of extreme stratification of cloud where the cloud remained below the 
samplers for part of the distance. 

rherefore, in all, fifty-four gas releases were utilized, or about twice the number of 
“ normal ”’ runs 

A certain amount of subjectivity obviously enters into the drawing of the isopleths, 
particularly for the non-normal runs. Examples of observed patterns are shown in 
Figs. l(a) and 1(b). Fig. 1(a) shows the patterns obtained from run 17. This run 
was made about 2000 CST and it is one of the runs whose distributions were nearly 
normal. The patterns are quite typical of these “* normal” runs showing an elon- 
gated cigar shape with the maximum width occurring about halfway between the end 
points. The data points are shown as dots in the drawing. Fig. 1(b) shows the patterns 
obtained from run 25. This run was made about 1300 CST and it is one of the least 
normal. It illustrates the difficulties in precisely defining the shape of the isopleth 
Close examination of the actual data reveals that the small wiggles in the line are prob- 
ably real, since they can be found in data from several arcs. It appears that these 
patterns are made up of a number of the cigar-shaped areas (as shown in Fig. |(a)) at 
various angles to each other. Youthful enthusiasm and a certain amount of brashness 
were a great help in drawing the patterns illustrated in Fig. 1(b). Nevertheless, subse- 
quent results indicated that a fair degree of reliance could be placed in those areas in 


spite of the uncertainties inherent in their determination 


Fic. l(a). Isopleths for peak concentrations at 800, 400 and 200 m, 


23 July 1956, 2000 CST 


Fic. l(a). Isopleths for peak concentrations at 800, 400 and 200 m 


1 August 1956, 1300 CST 


In the following evaluations, the areas found by this more direct method will be 
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Since the 


used in preference to those determined from the fitted normal curves. 
assumption of normal distributions of concentration along the arcs forms the basis for 


a number of theoretical diffusion studies the first attempts at estimating the areas were 
However, normality did not appear to be a crucial 


confined to the near normal cases 
Twice as many runs could be incorporated into 


assumption for this particular study 
the study if the normality restrictions were dropped and it did not appear that any 


bias was introduced by incorporating the non-normal runs into the prediction schemes 


which will be described later. When all the runs were used, no significant differences 


between the two sets of results could be found except in far * normality 


4. ESTIMATION OF AREAS 
This sectior compare various methods of estimating the areas within isopleths 
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which were approximately normal according to the criteria first given. The linear 
correlation coefficient between the two variables is —0-92. A linear regression line 


was fitted to the data and SE for this line was found to be 0-21 which corresponds to 
an / of 0-61-1-63. The introduction of the wind speed has evidently reduced SI 
somewhat but greater improvement can be hoped for by the introduction of further 
parameters. 


Log A versus log xu/Q 


In most studies of atmospheric diffusion it is found that atmospheric thermal 
stability plays an important role in the diffusion processes (for example, see SUTTON 
(1951)). It is logical to expect stability to be an important factor in the determination 
of the area. The choice of a suitable stability parameter is not quite so simple. The 
simplest measure of stability is the lapse rate; therefore the first stability parameter 
tried was the temperature difference between 4 m and 0-5 m 

The data were first split into two groups depending on whether the temperature 
difference was negative (lapse condition) or positive (inversion condition). SE for 
this scheme is 0-18 and /is 0°-66—1-51. This further reduction was encouraging and the 
data were further subdivided into three and into six stability classes. For the data 
split into three classes SE was 0-17 and for six classes SE=0-13. The three classes 
seem little better than two but the six class division shows an obvious improvement. 

Another stability parameter which has found favor with some workers is the so- 
called stability ratio. This parameter is defined as 


10° “C/(cm/sec)* (2) 


where 7,., — 7y.; is the temperature difference between 4-0 m and 0-5 m and U, is the 
wind speed at 2 m. SR is obviously related in form to the Richardson number 

The log A— log yu/Q data were split into three and into six classes with SR as the 
stratifying parameter. SE =0-16 for the three class division and 0-10 for the six class 
division. These give / as 0-69-1-45 and 0-79-1-26 respectively. This latter value 
represents an appreciable decrease in / over the simple lapse rate case. 


. 
* 
VOL. 
2 


120 WILLIAM P. ELtior 


In the last schemes the value of the wind speed appears in two places, in the term 
yu/Q and in SR. It is pertinent to inquire whether x/Q would have done just as well 
if SR was used as the stability parameter. When the log A versus log y/Q data were 
stratified by SR into three and six classes the resulting SEs were 0-18 and 0-12 res- 
pectively. Evidently the introduction of wind speed in both places produces a better 
estimate of the area in either case than if it were left out. 

Another parameter which was been introduced into the study of diffusion is the 
standard deviation of the azimuth angle of the horizontal wind component (CRAMER 

t al., 1958). This parameter was computed from observations made by them at the 
Prairie Grass site. If the log A vs. log x/Q relationships are computed using this para- 
meter (denoted by o,) the results are as follows: data divided into two classes, 
SE =0-23; into three classes SE =0-22; into six classes SE=0-20. SEs are larger for 
this parameter than for the corresponding ones computed with either lapse rate or 
stability ratio. If the log A versus log yu/Q data are grouped by oc, some improvement 
is seen. SE =0-18 for the data split into two classes, 0-17 for three classes, and 0-15 
when split into six classes. It would appear from this analysis that o, is not so good a 
parameter as the stability parameters mentioned above for estimating the area 

By this time the reader has probably experienced difficulties in keeping the numbers 
in mind. Table | summarizes the limits of each of the various classes and gives the 
number of independent observations in each class. Table 2 presents a summary of 
the results so far. Column I lists the parameter used to stratify the data, column Il 
gives the number of classes into which the data were stratified, column III assigns an 
index number to the class. The most unstable class is listed first and the most stable 


last in the case of the stability parameters, while the o, classes are listed in the order of 


decreasing values of c,. Column IV gives the results for log A versus log x/Q with 
[Va the correlation coefficient, r, [Vb lists SE and 1Vc lists 7. Column V gives the 
same information as IV for the log A versus log yu/Q lines. r, SE and / are listed for 


of the regression lines and SE and / were also computed for the total prediction 
schemes based upon the various divisions. These are found in the appropriate rows 
labeled Total 


TABLE 
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TABLE 2 
IV 
Il a b Cc a b c 

r SI r SI 
0-88 0-25 | 0-56—-1-78 0-92 0-21 0-62-—1-62 
| 0-95 0-15 | 0-71-1-41 0-91 0:20 | 0-63-1-59 
2 0-98 0-10 | 0:74~-1-26 0-98 0-10 | 0-79-1-26 
Lapse 6 3 0-97 | 0-12 | 0-76—1-32 0:94 | 0-17 | 0-68—-1-48 
rate 4 0-96 0-13 0-74~-1-35 099 0-06 | O-87-1-15 
5 0-90 0-19 0-65-1-55 0-97 0-10  0-79-1-26 
6 0-93 0-18 0-66-—1-51 0-97 0-13 | 0-74—1-35 
Total 0-15 | 0-71-1-4] 0-13 | 0-74~-1-35 
0-95 0-14 0-72-1-38 0:94 0-17 | 0-67-1-48 
3 2 0-94 0-16 | 0-69-1-44 0-94 0-17 | 0-67-1-48 
3 0-85 0-25 0-56—1-78 0-94 0-16 0-69-1-44 
Total 0-18 | 0-66—1-51 0-17 0-67-1-48 
| 0-96 0-14 | 0-72-1-38 093 019  065-1-55 
2 2 0-82 0:27  0-51-1-°86 0-93 0-17 | 0-67-—1-48 
Total 0-22 0-60-—1-66 0-18 0-66-1-51 
0-97 0-12 0-76—1-32 0-96 0-74—1-35 
2 0-98 0-08 0-83—1-20 0-98 0-79—1-26 
3 0-98 0-12 | 0-76~-1-32 0-98 0-81~1-33 
VO 6 4 0-98 0-09 0O-81-1-23 0-99 0-87-1-15 
L. 5 0-96 0-13 0-74—1-35 0-99 0-85-—1-18 
2 6 0-95 0-14 0-72—1-38 0-97 0-76—1-32 
59/60 SR Total 0-12 | 0-76-1-32 0:79-1:26 
| 0-96 0-13 0-74-1°35 0-93 0-65—1-55 
3 ? 0-94 0-16 0-69-—1-44 0-97 0 0-76—1-29 
3 0-85 0-24  0-57-1-:74 0:94 Om 0-69-1-44 
Total 0-18 0-66—1-51 0-16 0-69-1-44 
] 0-96 0-14 0-72—1-38 0-93 0-18 0-66—1-51 
2 2 O82 0-27 | 0-54-1-86 0-93 0-17 | 0-67-1-48 
Total 0-22 0-60-1-66 0-18 0-66-1-51 
| 0-96 0-13 0-74—-1-35 0-94 0-16 0-69-—1-44 
2 0-98 0-10 0-79-1-26 0-96 0-14 0-72-1-38 
0-88 0-20 0-63-1-59 0-95 0-13 0-74—1-35 
6 4 0-85 0-23 0-59-1-70 0-95 0-14 0-72~—1-38 
5 0-83 0:23 0-59-1-70 0-93 0-15 0-71-1-41 
6 0-80 0-27 0-54—1-86 0-92 0-17 0-67-1-48 
Total 0-20 0-63-1-59 0-15 | 0-71-1-41 
| 0-96 0-14 0-72~—1-38 0-92 0-19 0-65—1-55 
3 2 0-86 0-2? 0-60—1-66 0-94 0-15 0-71—1-4] 
3 0-79 0-27 0-54—1-86 0-94 0-17 0-67—1-48 
Total 0-22 0-60—1-66 0-17 0-67-—1-48 
| 0-93 0-18 0-66—-1-51 0-92 0-20 0-63-1-59 
2 2 0-8] 0-27 0-54—1-86 0-93 0-17 0-67—1-48 
Total 0-23 0-59-1-70 0-18 0-66—-1-51 
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Examination of Table 2 reveals that in unstable cases the log A versus log y/Q may 
be slightly better than log A versus log yu/Q although the overall evaluations favor the 


= 


latter. Whether this indicates some inherent differences between night and day in 


3 


relation to the role of wind speed (as might be the case with convection) or if itis simply 
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an accident of the data, remains to be seen. The fact that these relationships hold also 
for the higher values of o, may reflect the correlation of o, with SR in the daytime 
For the Prairie Grass data a significant negative correlation coefficient between SR 
and o, was found in lapse conditions but no significant correlation in inversions. 
Table 3 gives the coefficients for the various regression lines computed from the 
data. The formulae are 
log A=a’ log xy/O0 +b (3a) 
log A=a log xu/O +b (3b) 


The format of Table 3 is the same as that for Table 2 and SE is repeated for convenience 

If the slopes (a’ and a) listed in Table 3 are examined some evidence of a relation 
between slope and stability class can be found. There is an apparent tendency for the 
slope to decrease (become more negative) with an increase in stability. This relation- 
ship is not absolute and is more pronounced for the log yu/Q lines. In particular 
with increasing stability the SR stratification shows a decreasing slope and a decreas- 
ing intercept, except for the most stable class 

he data of Fig. 2 have been replotted in Fig. 3 but are separated by stability class 
The lines are the regression lines for the six stability classes as defined by SR. In- 
spection of the graph reveals some overlap of stability classes but no point overlaps 


more than one line. The convergence of all the lines, except class 6, is clearly shown 


Fi Log A versus log yu G0 showing separat 


The convergence of the lines implies that stability becomes less important for de- 
lineating the area when the value of relative concentration (or wind speed) increases. 
Since high values of relative concentration are found near the source it is probable that 
the cloud has not traveled long enough for stability to be important. The decrease 
in slope with increasing SR implies that changes in yu/Q are more effective in changing 
the area in stable than in unstable conditions 

The question arises whether the regression line for stability class 6 should converge 
with the others or whether the divergence is real. The possibility of anomalous 
behavior of other micrometeorological parameters in extremely stable conditions has 
been noted before (e.g. BARAD and HAUGEN, 1959). It would have been possible to 


alter the slope of the line to agree more closely with the other lines by ignoring a few 
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points. These are points where the data clearly indicate a wind direction shifting 
during the observation period. However, this is not per se a reason for discarding 
these runs, and the question of convergence in the most stable case must still be con- 
sidered open 

The slope of the most unstable class is also subject to question. Here the areas were 
all of the type illustrated in Fig. 1(b) and it would not be difficult to redraw these 
areas or eliminate one or two runs so as to decrease the slope of the line slightly 
However, ex post facto data decisions can become intoxicating and, as with cocktails, 
it can become difficult to decide when to stop once one has imbibed Therefore no 
areas were adjusted after the initial drawing and no runs ignored after the initial 


choice 


5. COMPARISON WITH SUTTON’S FORMULA 


SUTTON (1953) has presented a well-known formula for determining the concentra 


tion downwind from a continuous point source 


O expt x*-") [exp( —(z —h)*/ x*-") + exp 


where C, and C, are diffusion parameters, x the distance downwind in the direction 
of the mean wind for the layer, u, y the cross wind distance, z the height above ground, 
h the height of the source and n is a parameter related to the wind profile and presumed 
to be a function of stability. SUTTON suggests the values 


0-4 cm'*, C, =0-2 cm'*, n =0-25 


as being appropriate for neutral stability, (but see BARAD and HAUGEN, 1959) 
Equation 4 can be solved for the peak value of yu/Q at any distance from the source 
and once this value has been determined the equation can be solved for the values of 
at any distance between the source and the predetermined arc. In this way the x, 
co-ordinates of the isopleths of yu;V were computed The enclosed area was deter 
mined by plotting a sufficient number of ordinates so that a closed curve could be 
drawn, using the planimeter to find the area. The large crosses of Fig. 3 show the 
points determined in this fashion for the 800, 400 and 200 m arcs. If agreement 
between SuTTON’s formula and the data were perfect we would expect to find the 
Sutton points to fall between lines 3 and 4. The 800 and 400 m points do. However 
the slope of the Sutton line is steeper than would be expected from the data. Neverthe- 
less, one must conclude that the simple Sutton formula gives a good estimate of the 


area in the neutral case 


6. CONCLUSIONS 


The above considerations resulted in a set of formulae for estimating the area within 
a given value of concentration divided by source strength. The inclusion of certain 
meteorological parameters in the simple empirical equations gave rise to a fairly 
reasonable range of errors. The author has concluded, on the basis of the respective 
scatter of points about the regression lines, that the best combination (of those tried) 
is given by equation 3b when the coefficients are functions of the stability class as 


determined by the stability ratio. This represents an improvement over the simple lapse 


rate and both stability parameters appear better than c,, particularly in inversions 


C, vo 
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In conclusion, the restrictions under which the formulae were derived should be 
stressed. The error in determining just the concentrations probably never exceeded 
10 per cent. It is impossible to estimate the error in drawing the areas but it would not 
be surprising to find it as high as 20 per cent, particularly during lapse cases. It 
should also be borne in mind that the observations were made over flat uniform terrain 
of approximately uniform surface roughness. It is possible that the results may de- 
pend upon surface roughness and might be applicable only to the rather specialized 


surface type where the observations were made. Also, since data were not obtained 


beyond a distance of 800 m from the source, extrapolation of the results should be 
undertaken with caution. Whether the results can be utilized directly in other terrain 
features and at different distances from the source, must await further observations 


TABLE Al 
800m 
0-480 


1-12 
0-080 
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APPENDIX 
basic data from which the regression lines were computed. The source strength 
2-m wind speed in the second. The values of peak concentratior 
ling values of the area A for the three arc distances are given in the succeeding 
three columns give the temperature difference 47 between the 4 m level and the 


ratio SR as given by equation 2, and the standard deviation of the azimuth 


Sutton O. G. (1953) Micrometeorology, 
Table Al gives tt 
and the corres 
columns The 
m level, the stability (ee 
angie Of the wind 
VC 
2 
1959/ 


Int. J. Air Poll. Pergamon Press 1959. Vol. 2, pp. 127-131. Printed in Great Britain 


NOTE ON THE EXCHANGE OF IODINE BETWEEN 
THE ATMOSPHERE, LAND AND SEA 
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Abstract—The deposition of '*"I as observed in small scale experiments and also after the Windscale 
incident, are interpreted in the light of available measurements of '*’I in the atmosphere and in plants 
It is shown that the deposition velocity deduced from deposition of radio-iodine is representative of 
the gross transfer while the net flux from the atmosphere to a land surface is several orders of magni- 
tude smaller. The observations show that plants use atmospheric iodine for their assimilation and 


that this may be their major source in spite of the indication that a larger portion of the atmospheri 


iodine is present in organic form and not readily available for assimilation. Finally a residence time 


of 20 days for iodine in plants is deduced 


l. INTRODUCTION 


THE exchange of iodine between the atmosphere and the earth’s surface has acquired 
renewed interest because of the presence of radio-iodine, '*"I, in the debris spread from 
atomic bomb explosions and particularly because it is most likely to be a major con- 
stituent of the radioactivity released in atomic energy plant accidents as, for example, 
was the case at Windscale in October 1957. With this in mind CHAMBERLAIN and 
CHADWICK (1953) have carried out experiments to determine the rate of deposition of 
radio-iodine on vegetation. Extensive measurements made after the Windscale 
accident are also available (STEWART and Crooks, 1958; CHAMBERLAIN and DUNSTER 
1958; DUNSTER ef al., 1958; Booker, 1958). There are, however, some facts in the 
data reported that have not received a satisfactory explanation and, as we shall see, 
actually give interesting information about the processes of exchange of iodine between 
the air and the underlying surface. It is particularly important to look at these recent 
measurements in the light of earlier observations of inactive iodine (mainly '"I) in 
the air, precipitation, vegetation, rivers and the sea. A large number of such measure- 
ments exist, especially through the work of VON FELLENBERG (1926) and CAUER (1933) 


and also a number of more recent investigators. The present note is intended to point 


out a few important aspects of the exchange processes at work and to indicate the 


need for further investigations 


2. THE EXCHANGE OF IODINE BETWEEN THE ATMOSPHERE AND A 
LAND SURFACE AS DEDUCED FROM I MEASUREMENTS 

[he amounts of iodine found in the atmosphere vary considerably. Maximum 
values over the sea may be as high as 10 yg m*, while hardly detectable quantities of 
iodine are found in some areas far from the oceans. Obviously transport of iodine 
from the sea to land areas takes place through the atmosphere and at least part of the 
iodine deposited on land originates from the sea. This process is similar to that of 
chloride investigated by ERIKSSON (1955). Since presumably no significant accumula- 
tion occurs over land this inflow has to be balanced by an outflow through the rivers. 
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VON FELLENBERG (1926) reports a few measurements of iodine in river waters in 
Switzerland giving values of 0-4—-1-3 »g/l. Recent Swedish measurements on surface 
waters by SsGstrROM (1956) support these observations. The iodine concentrations 


found in precipitation are about the same (values up to about 4 ywg/l). Since the 


water run-off by rivers is only a fraction of the total precipitation no appreciable net 
n of iodine from the atmosphere on vegetation and the soil occurs. It is 

asily estimated that if an air concentration of about 0-5 »g/m* is assumed 

yf about 40 cm of water year takes place, the deposition velocity 

odine can hardly exceed 0-01 cm/sec and may even be negative 

rse the gross transport to and from the ground may be and most likely is much 
on velocity is defined as the ratio of the average amount of isotope 

area and unit time to the mean concentration of isotope in the air.) 

pared with the deposition velocities of about 2:5 cm/sec which 


HADWICK (1953) obtained in their field experiment using radio 


er deposition velocity applies to the natural iodine in the 
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general ideas indicated above. Conditions in the field experiment reported by 
CHAMBERLAIN and CHADWICK (1953) and after the Windscale accident were, however, 
quite different. In the former case (hereafter denoted as case I) radio-iodine was 
released for 20 min resulting in atotal maximum dosage of about 100 pyc sec~! cm 
at the points downstream, where measurements were made. The average deposition 
velocity as defined above was about 2:5 cm sec~*. At the Windscale accident (here 
denoted as case II) the release lasted for about 24 hr with a total dosage at nearby 
places very much higher, but at distant places considerably lower than in case | 
Simultaneous measurements of air concentration and deposition are available only in 
a few cases at about 100 km distance from the place of release. Deposition velocities 
of 0-2—0-5 cm sec™! were here obtained. 

In case I the activity in the grass rose from 0 to about 250 pyc/cm® in areas of 
maximum deposition, where the average air concentration had been 
puc/cm®. Using the same concentration of !*’I in the air and vegetation as quoted 
before means that the relative concentration in the grass had risen to about 0-05 

‘11 /g'**1 while the air on an average contained about 0-2 c'*'I/g'*’I. Of course the 
amounts of '*’I are quite uncertain, since no direct measurements were made, bu 
are most likely of the correct order of magnitude. Similar estimates in cas¢ 
somewhat more difficult due to highly varying conditions and incomplete observa- 
tions. At Harrow, Middlesex the first iodine in the air was observed on 11 October, 
around 4 p.m. Maximum concentration of about 0-001 yyuc/cm® was reached 10 hr 


later and at noon the following day the iodine cloud had essentially passed (see 


STEWART and Crooks, 1958). The total deposition on grass amounted to about 


5 «uc/cm* (as can be estimated from the figures presented by Booker (1958). In 
the same way as before we estimate the '*'I/'*’I ratio in the air at the time of 1 


concentration to be about 0-002 c’*'I/g'*’1 and 0-001 c*'I/g'*’I is obtained 
grass. We notice thus that the '*'1/'*’I ratio in the plants probably did not 
that of the air until after the maximum concentration tn the air had been reac! 
thus about 10 hr after the beginning of the radio-iodine exposure. These re 
deposition velocities are about one order of magnitude less in case II thar 
It is tempting to conclude that an equilibrium state 1s reached when tl 
ratios become the same in the air and in the plant 
observations that indicate that this probably is not the cz 
(a) The observation that such a state thus should be reache 
hour(-s) would imply a very rapid adjustment towards a new equil 
that the residence time for iodine in plants would also be of the order 
which seems rather unlikely for physiological reasons 
One would in such a case also expect a rapid adjustme 
ling 
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ratio, when the corresponc 
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that seems mor kely than the assun puon Ol an e of 
dine in plant [he radio-iodine released in case | as well as EE in fre: 
orm and thus directly available to the plants Recent measurements of l in the 
itmospher cicate on the other hand, that by far the greater Part Is present in 
rganic for SVENSSON EEN, 1959 In estimating the residence time for 
dine in plants from the cham the I | ratio in the plants to that of the atmo 
pnere I SI dg therefore only consider the Part of the todin n the air that can be 
readily ; ited Ihe proper va ue OF this ratio in the air would therefore be 
siderably eg iter than that in the plants both ir Casc l and case Il and condit YT 
S sure! ts in case Il permit us to estimate the likely re dence time i 
I Gg p iS (gra which more cl y agrees with our ideas about the rat I 
t i 1 proce [his also indirectly supports the idea put forward abx 
Repeated c nent I | in grass and K were carried out after the W ndsca 
gent Book! regu ir decrease of the rad concentration wit} 
in apparent i-liie Of adDout 5 days was observed in bot the grass and milk It 
of resting to note that the a identica alues obtained gra ind 
, I a t with the rate of the cine metabolism in cows as we know it 
from exy ried out by LENGEMANN and SWANSON (1957). Thev } 1 Vi 
\ tnat v ¢ ihan a week, during w nan adjustment takes plac a reguial 1959, 
I I I< the food sho } De associated with a I ar decrea 
wi t tne ict gcecay ti {A} ol l is days and denoting t appal 

With t and piven above « gay SINCE presumably tl dine 
the at approximate equilib with tl dine in the plant t would 
in Per cent of dine a Diant replaced each day ftror 
il p 10-100 1 : ower tha tne one indicated fro tf rate I 
1c] [ ol la wn above and would can that only a few per cent of 
gir I ‘ in De used Dy the plant | piicat n that there a serection if 
t! aep On plants also iggests that the plant actively a ating 
certa or u AS was ted out before, howe r, the nece iry 
i int Ca a y upplied Ir tf at pnere It wo lid D nter 

measurements and to trv t rily these conclusions 

Quite different depositior velocities were found ncaselandcase ll. One think 
| several rea for this [he turbulent transfer through the atn sphere might 
nave deen cor in the second case o1 account stable stratificatior 
A deposition velocity of 1-7 cn sec had, how r, been obtained in case I in a nicht 
time experiment with light winds Another explanation n ay be that Plant assimila 
tion of 1odine much less in the fa It is of yme interest to note, however. that a 
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similar effect might also be expected if a gradual transfer occurs in the atmosphere 


of pure iodine into more complex compounds, which are not immediately available 
for assimilation 

The apparent decay time of 5 days for radio-iodine in the grass is due to a gradual 
transfer into the soil (Booker, 1958), which presumably takes place through the roots 
It was previously indicated that the net transfer of '*’I from the atmosphere to a land 
area is quite small and thus about as much iodine must return to the atmosphere as is 
brought down into the soil. Due to the large amounts of iodine present in the soil in 
comparison with the amounts transferred, the residence time of an iodine molecule is 
quite large as compared with the decay time of radio-iodine. It is therefore quite 
unlikely that any appreciable amount of the radio-iodine is returned into the atmo- 


phere before it decays radioactively 


icknowledgement—The author is particularly i t r. E. Ertxsson for many helpful dis- 
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Abstract method bed for the determination of the non-volatile organic car 
nospneric precipitauior 
The fa it of lal irdor neasured i ne stations in Sweden over ; 
r one test se N ally tribution of organic carbon was found 


r the tota impiling iveraging 160 mg carbor r square meter per 


Carbon total nitrogen (ammonia 


nt irrespective of t! 
has a very exter | I region It 


portant role as a prov 


INTRODUCTION 


DURING tl t al investigations have been reported on the content of 
norganic material in atmospheric precipitation \ rather complete bibliography 
has been worked out by ERIKSSON (1952). From this bibliography it is seen tha 
work has been carried out in determining various constituents such as alkali metals, 
magnesium, ca im, ammonia, sulphur, nitrate and chloride, whereas the content of 
organic material has received only limited attention. The reason for this might have 
been partly the obvious analytical difficulties involved in detern ining the very low 
concentrations of organic matter in precipitation, and partly that the geochemical 
and agricultural intere ave hitherto mainly been centred around the mineral 
constituents 

However, a few investigators have reported determinations of organic matter in 
rain and snow. For instance SHutt (1909-1924) has published several extended series 
of determinations including * albuminoid ” nitrogen. These determinations consisted 
mainly « eration of organically bound nitrogen by distillation with an excess 


alkaline permangan: solution. However, this method involved only part of the 


organic nitroget gives little inf ation about the total amount of nitr 


nong the more recent investigations the one of Viro (1' 
should be mentior determined the loss of weight by ignition of the 
evaporation residu his samples. In this way Viro found an average conter 
abou residues. These determinations req 


provide a rather crude estimation of the average conte! 


about the onal distribution and the qualitative nature 


te of Physics, Stockholn 


r 4ir i Perga Press 1959 \ 2, pr 32-141 Printed Great Britair 
bon and the 
nir 
of 4 mo 
hirty constant 
OVC 
In a second test es (he rallo Ol 22) | Organic nitrogen) w 
ilso dete ed It too was found to be fairly ¢ Stant 
L959, 
4) 
‘ 
however big samples and they Sz» | 
‘ a | 
Very little has been written 
iA 
Preser lress: Nobel I 
132 


Measurements of Non-volatile Organic Material in Atmospheric Precipitation ° 133 


of the organic substances in precipitation. Some amino acids have been reported by 
FONSELIUS (1954). 

The authors therefore have carried out an investigation on the content of organic 
carbon and nitrogen in rain and snow samples from different places in Sweden. It 
may be pointed out, that in this paper, the nitrate and nitrite nitrogen are excluded 
“ Organic N” means the nitrogen which is distilled as ammonia in the Kjeldahl 
procedure, reduced with the free ammonia estimated by NaOH distillation. * Total 
N ” means free ammonia N + organic N. 


SAMPLING AND PREPARATION FOR ANALYSIS 


In the Scandinavian network for the chemical examination of air and precipitation 
(EGNER and ERIKSSON, 1955) nine of the stations have been equipped with an extra 
glass funnel for sampling of precipitation for organic analysis (Fig. 4). The precipi- 
tation was collected in 500 ml Jena glass bottles containing 25 ml of 0-4 M hydro- 
chloric acid to inhibit biological activity in the samples. This will give the final sample 
a pH below 1:7. LOHAMMAR (1938) has shown that among a number of fixation 
means (toluene, mercury salts, NaOH and HCl) HC! was the best one. According to 
SKINNER ef a/. (1949) only very few micro-organisms may be active in an acid medium 
below pH 2 

Monthly samples were analysed at the International Meteorological Institute in 
Stockholm. The glass funnels used in the sampling of precipitation have an area of 
63 cm*. This gives 315 ml of water per 50 mm of precipitation. The composition of 
these samples can be compared with the corresponding chemical data obtained from 
the ordinary Scandinavian network (EGNER and ERIKSSON, 1955), providing that differ- 
ences in e\aporation from the ordinary and the extra sample collector are negligible 
Experiments showed that the ratio between the amounts of precipitation collected in 
both funnels did agree in fact with the ratio between the areas of the funnels within a 
few per cent 

Occasionally samples were also collected from snowfalls at places far removed from 
any local source of pollution. As these samples were analysed within a few days 
after the collection, no hydrochloric acid was needed to ensure the absence of biological 
activity 

In the laboratory the samples were immediately filtered through a sintere 
filter (Jena G3). The samples were stored at +4°C in a dark room. Previous to 
analysis approximately 20 mg sodium chloride and 1-5 ml concentrated orthophos- 
phoric acid were added per liter of the sample. Another 60 ml was spared in a separate 


bottle for later estimation of total sodium (inclusively the extra sodium) 


EVAPORATION 


The samples were evaporated using a vacuum-distillation apparatus equipped with 
an arrangement for continuous evaporation (Fig. 1). The apparatus consists of a 
Claisen flask with a conical bottom. In the neck A a glass tube B, containing a capil- 
lary tube C, is inserted. A side tube D is connected with the sample container / 


The flow of liquid is regulated with the screw clamp F. The capillary tube C and the 


sample container E are equipped with quartz-wool filters moistened with concentrated 


phosphoric acid to protect the sample from possible ammonia in the laboratory air 


The vacuum employed varied between 15 and 25 mm Hg, which kept the equilibrium 
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temperature in the evaporation vessel safely below 40°¢ 
(1-2 ml) from the evaporation | 


The yellowish residue 
s gathered in the bottom of the distillation vessel 
This residue is free from carbon dioxide and chloride (ForsBLAD, 1955). 


[he phosphoric acid renders the residue highly viscous permitting the withdrawal 
of three aliquots which are homogeneous with respect to carbon, nitrogen and 


were then used in the procedures (a), (b) and (c) (described 


y the content of non-volatile organic matter in the precipitation has 
nined. However the amount of volatile organic material present, is prob- 
nall. In order to get a rough estimation of “ medium ” volatile organic 
exane, the distillate from an average sample was extracted with 


residue was determined. No measurable amount of such organic 


ANALYSES 
(a) Wet Combi 


ustion of Organic Carbon (Fig. 2) 
troduced into the small combustion vessel G (bulb volume 10 ml) 
to remove most of the water present 
ay be incomplete for some constituents 
pieces and around 100 mg 


and is dried in an airstream at 60°( 


Otherwise 
the combustion A few small porcelain 
of solid potassium iodate are added 


Ihe vessel G is 
tightly attached to the reflux condenser M with laboratory clips 


A few drops of the 
combustion liquid (or concentrated phosphoric acid) are used for lubrication of the 


ground joints, which were previously completely dried to maintain the viscosity of the 
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lubrication. In about a hundred experiments only one case of gas leakage through 


this joint occurred due to overpressure in G-M. 

The taps B, H and K are opened and CO,-free N, is introduced into the apparatus 
in a vigorous stream via A in order to drive out CO, present in the combustion and 
absorption units. While CO,-free N, is still passing through the apparatus, 10 ml of 


Fic. 2. The apparatus for wet combustion of organic carbon 


the absorption solution are introduced into the Erlenmeyer flask L (250 ml volume) 
The vessel L is closed through the joint S (K open). The gas stream is stopped, B is 
closed and the system is now immediately evacuated. K and H are closed. The 
joint N is disconnected while a slow gas stream (CO,-free N,) is passing the bubble 
counter E and the filter D, and 3 ml of the combustion liquid are delivered to the 
vessel ¢ The slow gas stream through E is stopped, the joint N is connected and the 
tap A is opened to F. Now the tap B is slowly turned to allow the combustion liquid 
to be sucked down into G through the narrow glass tube in the centre of the reflux 
condenser M. The rest of the vacuum in the combustion unit is filled up with CO,-free 
air from the reservoir F (two-thirds filled with soda lime). B is closed and the bulb of 
G is heated with a micro burner. The combustion liquid will rapidly evolve oxygen, 
which causes a foam collar in the neck of G. After a few minutes the combustion 
liquid turns green and later dark. The heating is stopped when violet iodine vapours 
begin to escape. This formation of iodine vapour has been observed to be a good 
indicator of complete combustion. In the case when too much water is present in the 
sample introduced in G, iodine vapour fails to appear. 

The vessel G is allowed to cool for some time and is later further cooled in water. 
After about 5 min almost all gaseous SO, and I, left in the combustion unit ts con- 
densed and the SO,-mist formed during the combustion has largely settled. Now the 
tap H is carefully opened in order to let the gas from the combustion unit slowly enter 
the absorption vessel L via the filter J which is filled with Devardas alloy which proved 
to be an excellent absorber for I, and SO, vapors. The magnetic stirrer is started and 
a moderate flow of CO,-free air is allowed to pass from the reservoir F through the 


free N c | 
( | 
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central tube of M to the absorption vessel L. The airstream ts regulated with the tap B 
and after about 5 min the vacuum in L should be filled up. The narrow passages 
between the four bulbs and the narrow central tube of the reflux condenser will 
maintain a quasi-laminar flow of CO,-free air from G—M to L. Experiments with this 
‘ment showed that about 200 ml (n.t.p.) of CO,-free air were needed in order to 
t of the CO, present in the combustion unit (G—M), the volume of 
After 10 min the absorption is complete. Then a vigorous stream of 
N, is passed through the entire system. When a slight over-pressure is 
reached the stopper S is removed and a few drops of the indicator are added. The 
the absorption vessel is titrated with 0-03 M standardized HCl, using a 10 ml 

e graded in 1/20 ml 
jer to make a correction for possible organic material in the combustion liquid 
and for various titration errors, two blanks are run. The allowable tolerance was that 
the values could not differ more than 0-02 ml from each other 


[he total amount of carbon in milligrams introduced in G is equal to 
6(b — ayn 


ml of HCI consumed in a blank determination 
ml of HCI consumed in the analysis 


molarity of the HCI used in the titration 


Combustion sid 1-S g KIO,, 15 g CrO,, 30 g P,O,, 130 ml conc. H,SO, and 


25 ml 90°, H,PO, (all reagent grade) are mixed in the mentioned order and the mix- 


ture is heated to 160°C for a few minutes. After cooling it is kept in a glass-stoppered 
flask and protected against dust, since dust would reduce the oxidizing power of the 
solution. Such a solution should not be kept more than a few weeks 

Potassium iodate ; reagent grade (carbon-free) 

{bsorption solution: 10 liters contain 29 g Ba(OH), and 50 g BaCl, (according to 
FONSELIUS ef al., 1955) 

Hydrochloric acid ; 0-03 M prepared by dilution of standardized 0-1 M acid 

Indicators ; 0-1", Cresolphthalein, alcoholic solution 


{naiysis of standard samples 


In order to test the performance of the wet combustion method the following samples 
of succinic acid were analysed. The solution contained 1-000 mg of carbon per ml 
Previous to combustion 0:1 ml of conc. orthophosphoric acid was added to each sample 
in G and the sample was dried 


Carbon introduced Carbon found 


It was not found necessary to make further tests on different organic substances as 
the combustion Ktu 


(ARCHER, 1954) 


re has previously been tested on a number of different substances 


| 
Rea ents for wet combust ; 
i 
(ug) (ug) 
288 281 
IRR 
288 290 
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Analysis of the orthophosphoric acid used in the determinations 


The analyses were carried out on two samples of orthophosphoric acid (Merck, 


“ Acidum orthophosphoricum 1-70’). It was found that the content of carbon and 
nitrogen (Kjeldahl) was less than 10 ug/ml. 
(b) Micro Kjeldahl Determination (Fig. 3) 
The second aliquot of the residue is transferred to a Pyrex test tube (150 « 15 mn 
From a burette 0-2 ml of digestion mixture (40 g K,SO,, 2 g selenium reaction mix- 
ture, 250 ml conc. H,SO, and 250 ml distillated water) is added and the tubes are heated 


3. The furnace for Kjeldahl digestion 


to 300°C in a furnace A equipped with an energy regulator B and covered with an 
asbestos shield C with holes for the test tubes D. The bottom of the furnace is equipped 
with an iron net £, which prevents the tubes from direct contact with the furnace. In 
4 hr the digestion is finished, and the tubes are removed and allowed to cool. The 
residue is diluted with ammonia-free redistilled water, transferred to 100 ml distilla- 
tion vessels, which are filled up to 50 ml with redistilled water and the ammonia 
content is determined by distillation with NaOH according to EGNER ef al. (1955). 
In this connexion the free ammonia content is determined using 50 ml of the original 
sample which has been spared for this purpose 
(c) Determination of Sodium 
The last aliquot is diluted to 25 ml and analysed for sodium with a flame photo- 
meter. An Eel model A equipped with a 50,000 22 potentiometer was used. Finally 
the concentration of total sodium (originally present in the sample + extra) is deter- 
mined in the same way 
CALCULATIONS 
From these three analyses and from the volumes of the different aliquots we obtain 
the total amounts of sodium, carbon and nitrogen present in a unit volume (e.g. | ml) 
of the residue from evaporation 
For example assume these amounts to be designated as follows 
s=mg Na/ml residue 
c=mg C/ml residue 
n=mg N/ml residue 
From the original concentration of the total sodium in the sample before evapora- 
tion (f mg/l) we obtain 


total carbon concentration 


total nitrogen concentration 
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vantage of the method described is the possibility of determining carbon 


4 main ad 
simultaneously with nitrogen or any other constituent in one single evaporation, 


thereby mu zing large evaporation and transference errors. The precision of the 
nethod is, however, limited by the moderate accuracy of the sodium determinations 
The 1 lucibilt f the analyses is illustrated by the following series of dete 
mination snow collected near Stockholm, February 1959) 
(mg 


Average 
ue is less than 5 per cent in both deter- 


deviation trom the n va 


minations e ratio C’'N equals 5-0 


RESULTS AND DISCUSSION 


ARBON AND INOR 


network 


nontnly 


1 about 50 per it carbon tl 
square meter Tt 

innish 
e ratio Oo 
the coast (F1) to about 2-0 ; 

Table | as it 


ncreases 


Data for nitrogen are given in 


0-54 
2-6 0-5] 
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2°5 0-5] 
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TABLE 2. CONTENT OF CARBON AND NITROGEN IN SNOW SAMPLES 


Sample Neot NH,-N | 


(mg/l) (mg/1) (mg/l) 


D, 0-41 0-45 
D, 0-35 0-24 
D, 0-35 0-18 
Dap 0-26 0-25 
Ds; 0-20 0-07 
Are 0-25 0-06 
6 April 1958 

Bredkdlen 2 0:20 0-05 
3-4 January 1959 

Edsviken 5 0-20 
12 December 1958 

Edsviken 

10 January 1959 

Average 


found that the content of ammonia in the samples was abnormally high, frequently 


amounting to more than | mg NH,—N per liter. It is believed that the extra HCl 
added for preservation against biological activity highly served to increase the ab- 
sorption of gaseous ammonia from the surrounding air 

In Table 2 the concentrations of carbon, total nitrogen (Kjeldahl) and “ free ” 
ammonia (distilled with NaOH) are given for a number of snow samples. The 
samples marked * Edsviken ” were taken at a place about 10 km outside Stockholm 
All other samples were taken at different places in an unpopulated forest region in 
the middle part of Sweden. Thus samples marked *“* D” are from an area of 10000 km? 
in north-western Dalecarlia, and the samples “ Bredkalen ’ and “ Are” are from a 
region about 200 km more to the north (see Fig. 4). 

It is seen from Table 2 that the “ free *’ ammonia constitutes between 25 and 100 
per cent of the Kjeldahl nitrogen possibly indicating a varying degree of decomposition 
of organic matter in the samples. Assuming most of the nitrogen to be of organic 
origin, it is found that for the composition of organic matter, the ratio carbon to 
nitrogen is fairly constant. The average is 4-3: 1. It is reasonable to assume that 
most organic nitrogen covered by the Kjeldahl procedure originates from proteins 
This would tentatively mean a content of 


proteins (50°C, about 70 


other organic species about 30 


*Note: Analyses for inorganic matter are reported in the current data from the Scandinavian 
network (Tellus 10 (1958), 11 (1959)). S is counted as SO,, NO,—N as NO, and NH,-—N as NH 
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The limited number of observations does not permit more general conclusions 
However, the fairly uniform composition and distribution of the samples seems to 
indicate that the organic matter in the atmosphere has a very extended source region 

suite possible that the organic matter present on large areas of the sea as a 
NTZLER ef al., 1954) could be transported into the air by a bubble 

In this process there is formed a broad spectrum of small droplets 

r ones seem to be responsible for most of the salt transport from the 


sea surface. Minute droplets from the rupture of the surface film of the bubbles 


(Mason, 1954) are formed together with these bigger droplets. These minute par- 


ticles carry most of the organic matter from the surface film and, being less hygro- 
igger salt nuclei, would have a longer residence time in the atmo- 


mechanism could explain the uniform distribution of organic matter 


per unit area and even explain the increasing ratio organic matter to inorganic matter 


ywards inlan he sea has often been suggested as a source for ammonia in the 
atmosphere as been assumed that this ammonia is produced by decomposition 
of organic nitrogen compounds in the water. The main difficulty in substantiating 
from the fact that the conditions in the sea water and the 

properties of ammonia do not favour an escape of free ammonia. However, a more 
plausible explanation for the exchange of ammonia nitrogen between the sea and 
atmosphere can be given by assuming the organic matter to first be transported up in 


posed to ammonia 
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plexity of the analytical instrumentation prevents field analyses. In order for analysis 
to be made with reliability, it is necessary that gaseous samples obtained in the field 
be transferred to the laboratory without change in concentration or composition 

Plastic film bags are logical choices as air sampling containers. They are light, easy 
to handle, and expand or contract with changes in gas volume. Permeability of gases 
and vapors through polymeric films has been studied by various investigators. Certain 
basic relationships have been established and specific applications examined. Bri 
BAKER (1953) found the log of permeability to be a linear function of the reciprocal of 
temperature. The mechanism of diffusion was discussed by Simrit (1950) who noted 
that introduction of side chains into the main polymer, plasticizers and water inc 
permeability. Meyer (1957) found no differentiation of permeability constan 
pure gases and mixtures. Gas does not affect water vapor transmission although water 
vapor affected gas transmission through hydrophilic films. Crowe (1957) presented a 
kinetic theory to account for both ordinary and thermal diffusion of gas through 
polymeric films. GARNER (1956) showed that HNO, permeability was restricted to a 
limited number of surface sites for polychlorotrifluoroethylene films. Equipment for 
permeability testing was described by RANALLI (1955) and Rosen (1957). Permea- 
bility through polymeric films was also studied by FrRisH (1956), HEILMAN (1956) and 
WAACK (1955). Evaluation of films for use as irradiation chambers has been des- 
cribed by BUCHBERG (1956) and WILSON (1958) 

Although most of the analytical evaluation of this investigation was by infrared, 
some tests were made chromatographically. Dimpat (1956) discusses the effect of 
column packing, temperature, detector sensitivity and other factors. Ar 
discussion is included of the methods of calculation. Greene (1957) d 
method for NO, using wet molecular sieves as column packing. A reaction 


ism yielding NO provides an indirect measurement of NO 


EXPERIMENTAL EQUIPMENT 


The compression tests were made with a compressor—manifold—tank set 
manifold was constructed with stainless steel pipe, fittings, valve 
flexibility of operation with either the compression or atmospheric sampling proced- 
ures. Teflon gaskets were fabricated for positive seals at unions and sample-tube 
connection points. Pipe joints were made up with Halocarbon, high-temperature 
stopcock grease. The sample preparation system, compression system, and |10-m 
photometric cell were connected by Imperial fittings from glass or pipe to { in. o.d 
polyethylene tubing. Tubing length was minimized wherever possible. The com- 
pressor used was a Bell and Gosset Model SYC-15-1 with carbon rings. It is a two- 
Stage unit of 1-9 ft®/min displacement at 1725 rev, min with maximum operating pressure 
175 psig 

I'he atmospheric tests were made with plastic bags fabricated in the laboratory 
from polymeric films, except for the case of those that required special sealing and 
were made up by the manufacturer. These bags contained approximately 60 to 70 | 
of gas and were approximately 18 = 50 in. deflated 


Analyses were made for each of the tests (compression or atmospheric) with a single 


pass, single beam, Perkin-Elmer Model 12B, infrared spectrometer using a sodium 


chloride prism and a 10-m path-length cell 
The chromatographic unit utilized a Gowmac thermal conductivity cell, Model 
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sion sampling evaluation made in this study was to determine if various gaseous 


pollutants were amenable to compression storage. Representative ketones, aldehydes 


aromatics, saturated and unsaturated hydrocarbons were tested as well as 
oxides: nitrogen dioxide and sulfur dioxide 

The techniques used in this study are described above. Analyses befor 
compression (150 psig) and with varying storage periods were obtained 
and butyraldehyde were affected while 2-methyl pentane, benzene, and 
showed no significant change (Table 1). Nitrogen dioxide and sulfur dioxi 
appreciable losses after compression. Losses of SO, and NO, were just as 
5 min storage as after 20 hr 

It was suspected that the compressor could be causing the loss of ce! 
To check this, mixtures of nitrogen dioxide, sulfur dioxide, 2-methy! 
prepared in plastic bags, analyzed, then discharged via the compressor 
cell of the infrared spectrometer to note apparent changes in concentrati 

Sulfur dioxide loss was great. The hydrocarbon was unaffected. The 
itself was deemed a source of loss. Compression sampling was concl 
satisfactory for hydrocarbons but not for mineral oxides. Compressior 
terminated and the emphasis was placed upon atmospheric sampling and 


gaseous pollutants in bags of polymeric films 
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and unsaturated hydrocarbons; sulfur dioxide and nitrogen dioxide. Certain stand 
ard mixtures of these gases were used during the tests. The basic mixture used for 
time dependency studies was sulfur dioxide, nitrogen dioxide and 2-pentene. This 
mixture contains the principal mineral oxides and a typical unsaturate. Other standard 
mixtures included: 2-methyl pentane, butyraldehyde, sulfur dioxide, nitrogen 
dioxide; and benzene, acetone, nitrogen dioxide. Initial concentration of these gases 
was at approximately 70 p.p.m. level 

During preliminary tests with Mylar and aluminized Mylar, the points on the time 
concentration curves for a storage period exceeding 80 hr were separate independent 
runs. A smooth correlation was obtained from the cumulative data which was 
interpreted as a verification of the reliability of the experimental technique. Nitrogen 
dioxide was stored overnight in the same Mylar bag on different days over 14 months 
to determine the effect of repeated use (Table 4) 

There is no indication of time—wear dependency. All the data were obtained during 
a period of high humidity 

The effect of moisture, i.e. high humidity, is important. This is demonstrated in 
Fig. |. Three sets of data are given for the storage of nitrogen dioxide in aluminized 
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Mylar. The run made in the summer during high relative humidity periods shows a 


rapid decrease in measured NO, with time. A run showing little loss was made during 


the winter heating season when room air was quite dry. The intermediate values 
TABLE 4 


ition (p.p.n 


were obtained by artificially creating a moist atmosphere. This was accomplished by 
water addition to the dry tank air, which was used as diluent. The relative humidity 
was estimated from the infrared charts to be intermediate between that of the other 


two runs 
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Relative humidity measurements were not made during these tests. To be meaning- 
ful they would have had to have been made in a controlled atmosphere. Daily 
humidity variation precluded interpretation of results. Further tests are contem- 
plated in which the films will be studied under controlled humidity 
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Fic. 3. Evaluation of polymeric films for 2-pentene storage 


The results of storage of nitrogen dioxide, 2-pentene and sulfur dioxide as a ternary 
mixture are shown in Figs. 2, 3 and 4respectively. The presentation of time-dependency 
data for storage of the individual components is made to facilitate plastic film compari- 
son. Miscellaneous tests not depicted graphically are summarized in Table 5 

In all of the studies it was found that the hydrocarbons showed only minor changes 
in concentration over periods of 18 to 70 hr. Acetone and benzene concentrations 
were slightly but consistently higher after storage, butyraldehyde and 2-methyl 
pentane showed little change, and 2-pentene showed minor losses. Variations may be 
attributed to selective diffusion of the smaller molecules. Although many tests were 
made, time was not available for a complete time—concentration evaluation of all the 
hydrocarbons in every film 


The mineral oxides, nitrogen dioxide and sulfur dioxide, were most affected 
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Decreased concentrations of these gases with time are chiefly caused by water reaction. 
Nitrogen dioxide drops off sharply with time (Fig. 2) in all of the films. Because of the 
similarity of the results for Saran and Saran-aluminized Scotchpak and Mylar 
aluminized Scotchpak only three regressions are shown. Variations are within 


experimental accuracy 
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Ihe double-film bags were each made with the aluminized Scotchpak on the out 
side. This was found to be the best moisture barrier tested. Each film of the compo- 
site bags was 2 mils in thickness giving a total thickness of 4 mils 

Fig. 3 sho that 2-pentene was stored quite successfully The improvement 
indicated for the two-film bags is attributed primarily to the double thickness 
use of aluminized Scotchpak around Mylar showed a marked improvement over the 
single Mylar film in storage of sulfur dioxide (Fig. 4). Similar improvement is not 
indicated for Saran—aluminized Scotchpak over plain Saran. Scotchpak showed good 
sulfur dioxide storage up to 65 hr 


Although controlled humidity conditions were not available for these tests, tl 


comparative data presented graphically do measure relative behavior fairly well. All 
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TABLE 5. EVALUATION OF POLYMERIC FILMS FOR STORAGE OF GASES 
Analyses: Infrared 


Pressure: Atmospheric 


Concentration (p.p.m.) 
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the results shown except for Mylar and one set for Saran were made simultaneously 
Hence the humidity conditions were similar 

Moisture will be an important, unavoidable factor in field sampling. Soluble gase 
such as nitrogen dioxide and sulfur dioxide will tend to dissolve and the extent of 
solution will be a function of surface moisture—gas phase equilibrium. A dry film and 
gas will not show this variation of apparent mineral oxide content. Moisture, size of 
gas molecule and film pore dimensions influence diffusion or permeability 

If the relative humidity is low on sampling but subsequently increases, moisture 


buildup will occur in some plastic bags on storage. The use of a sampling bag made o 


two films, one impermeable to the gaseous components and a second to moisture, may 
be necessary for certain tests 

[hese studies show that gases such as sulfur dioxide and nitrogen dioxide may be 
stored for periods up to 24 hr by proper selection of films. Hydrocarbons may gener- 


ally be stored for longer periods of time with minimum loss 


STORAGE IN STEEL AND GLASS VESSELS AT ATMOSPHERIC PRESSURI 


Stainless steel and glass containers are commonly used for storage of ga 
convenient and readily available. Steel containers are usually used for 
high-pressure sources. Glass containers are used at atmospheric pressure 
ence with dynamic calibration of continuous recorders of sulfur dioxide has s 


glass may be a source of error. Although the earlier compression sampling tests in 


Stainless steel were not successful, the error was attributed to the compressor. Conse- 


quently, glass and stainless steel were evaluated as storage containers at atn 


pressure by the techniques being employed in this study 

lable 6 is a summary of the results of storage of the standard gaseous mixture 
(NO,, SO,, 2-pentene in dry tank air) in glass. Two 22-l. round-bottom flasks were 
used. Large diameter glass tubing of equal length to each flask was used as a mz 
fold to minimize flow losses and ensure equalization of gaseous components 
minum foil was placed around the rubber stoppers used to seal the flasks to elin 
gas to rubber contact. After the initial mixtures were prepared and analyzed, the 
tanks were recharged to atmospheric pressure with dry, tank air. This decreased the 
partial pressure of the pollutants in the flask and necessitated correction of the con- 
centration measured by the infrared. Losses in glass were quite significant 

4 similar test was made with a standard 34-1. stainless steel tank using the same gas 
mixture. Table 7 shows that all of the gaseous components including the oxides of 
nitrogen and sulfur were retained. The slight increase in measured concentrations 
over calculated concentrations may be considered within experimental error. The 
results are another indication that in the compression tests the losses were caused by 
the compressor. It would appear that where gases of the kind studied here are ob- 
tained in evacuated stainless steel tanks from sources at higher pressure, such as in 
gas transmission lines, the samples are reliable after storage for periods up to ap- 


proximately 40 hr. This is not the case for glass vessels 


MOISTURE PERMEABILITY OF POLYMERIC I 


Moisture buildup is a problem in gaseous storage and analysis. Use of laminates 
or double-film sampling bags was suggested and it was deemed advisable to establish 


the relative merit of the films under study as moisture barriers 
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is have varying permeability to water vapor. To provide a com 
necessary to test all the films simultaneously under similar conditions 
¢ Storage period had to permit a sufficient interval for 

ition at atmospheric humidity, but short of saturation conditions 
is being studied was filled with approximately 60 |. of dry 


was scanned at the start of the run and after 17 hr 
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The blank shows the initial absorption caused by the water vapor in the atmosphere 


external optics he infrared spectrophotometer To enhance 
tation only portions of each of the individual curves are given ; 

yisture barrier was aluminized Scotchpak. Mylar had the 

aluminized Mylar (100 gauge) ranked next to aluminized 


veness (Table 8). Obviously the aluminum serves to seal tl 
Fortuitously after 17 hr none of the bags reached saturatior 
bags or polylaminates would be prepared and evaluated 


Scotchpak in conjunction with other films 
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Methods of Sampling and Storage of Air Containing Vapor 
of the reaction mechanism. This possibility was checked by use of the Sinclair 
Phoenix, forward-scattering aerosol, dust, and smoke photometer, Model JM-1000 


TABLE 7 EVALUATION OF STAINLESS STEEL FOR STORAGE 
Stainless steel tank, 34-1. ca 
Analyses: infrared 
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(saseous con ponent 


Nitrogen dioxide 
Sulfur dioxide 


2-Pentene 


Nitrogen dioxide 
Sulfur dioxide 


2-Pentene 


Based on cor 


Nitrogen dioxide 
Sulfur dioxide 


2-Pentene 


TABLE & MOISTURE PERMEABILII 
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water permeability 


10-4g/100 per hr 


Aluminized Scotchpak 
Aluminized Mylar 
Saran, plain 

Saran, drumliner 
Scotchpak 

Mylar 


[wo preliminary tests were made in which gaseous pollutants mentioned above were 
uminized Mylar bags. In the first test, 
After 17 hr a ten-fold increase in scatter 


mixed with air and stored in Hastings’ a abou 


60 p.p.m. of each gas was added to the bag 
In the second test, the Sinclair-Phoenix reading indicated a decrease 


ing was found 
nade at a 


Because of the inconclusive nature of these two tests additional runs were 1 
later stage of the study with bags less permeable to moisture. At this point gas storage 


in composite polymeric films was under examination. Therefore the standard gas 
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mixture was stored in each of two multi-film plastic bags. In the first bag, sample | 
the inner layer was Saran Wrap 12, 200 gauge, surrounded by aluminized Scotchpak, 
200 gauge. In the second bag, sample 2, the inner layer was Mylar, 200 gauge, and 


the outer layer aluminized Scotchpak, 200 gauge. A mixture of gas containing 70 


TRANSMISSION 
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».p.m. each nitrogen dioxide, sulfur dioxide, and 2-pentene was added to each of the 
bags. Initial readings were taken and these were followed by readings at 24 and 46 hr 
ntervals (Table 9) 
ation was not demonstrated and it was concluded that dark reaction 


was not occurring under the experimental conditions. 
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TABLE 9. DARK REACTION EVALUATION 


Sinclair—Phoenix photometer readings 
Sample 0 hr 24 hr 


Roon alr 
Sample | 
Sample 2 


GAS-LIQUID CHROMATOGRAPHIC ANALYSIS 
CONCLUDING REMARKS 

It has already been stated that the levels of gas concentration required for the 
evaluation of the various materials was approximately 70 p.p.m. The 
centration was necessitated by analytical considerations. It was desirable t 
tests at lower concentrations approximating atmospheric conditions. Gas-—liquid 
chromatography offers a means of working at lower gas concentrations but analytical 
procedures are not developed to a point permitting broad, quantitative measurement 

Methods of GLC have been developed for low boiling hydrocarbons. Therefore 
tests were made using a small, 15-l. capacity Scotchpak bag and a diluted sample of 
Phillips mixture No. 40. The latter is a multicomponent mixture of saturated and 
unsaturated hydrocarbons. In initial tests, a 20-ft dimethylsulfolane column was used 
at ice temperature. For purposes of this discussion only one gas component will be 
used as reference: n-butane. Dry tank air was used to dilute a mixture No. 40 sample 
to give 0-1 p.p.m. n-butane. A well-defined, good-sized peak was obtained and it 
appeared that the component could be measured at approximately 4 p.p.h.m 
18 hr of storage the concentration of hydrocarbon was essentially the same. Use of 
plastic film containers and chromatographic analysis for low concentrations of 
hydrocarbons up to C, appears feasible. The C, and higher hydrocarbons will require 
development of the analytical scheme 

Although various attempts have been made to measure sulfur dioxide and nitrogen 
dioxide by gas-liquid chromatography no reliable method is available. Some trials 
were made at the close of this study to obtain SO,—NO, calibration. Triethylene glycol 


seemed to pass sulfur dioxide but calibration could not be made because of inconsist- 


ent results. Dibutyl phthalate and molecular seives, 5A, were also tried as SO,-NO, 


trapping materials without much success. It should be noted that these were very 
abbreviated trials without extensive evaluation of all the parameters. It is believed, 
however, that this analytical method in conjunction with polymeric film storage bags 
is a promising combination. Polarographic procedures may also hold promise for 


some specific gaseous components 


CONCLUDING REMARKS 


Compression sampling was found to be a satisfactory method for hydrocarbons 
but to result in high losses of sulfur dioxide and nitrogen dioxide. Moisture was found 
to be a major factor in the loss of gases stored in bags of polymeric film. This was 
especially true for nitrogen dioxide and sulfur dioxide. Hydrocarbons were not 
similarly affected. Use of two-film plastic bags may be advantageous for certain air 
sampling problems. One film could be impermeable to the gas of primary interest 
and the second to moisture 
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SPECTROSCOPIC ANALYSIS OF INDUSTRIAL EMISSIONS 
FOR NITRIC OXIDE, NITROGEN DIOXIDE AND SULFUR 
DIOXIDE* 


\ J HAAGEN-SMIT N TAYLOR* 
(Received 8 Ma 


Abstract—Together with smoke density meters, the autom: recording NO and SO 
valuable tools in the prevention o cessive emissions of 


recorder makes available a research tool f the study <¢ ormatior 


and sulfur. The close relation between flame ter ire and NO forn 


for interesting studies in plant operat 

The removal of excess water, dust and sulfuric acid from the flue gas 
Static precipitation is ol general application, and has led to a more 
many different types of automatic instruments such as sulfur dioxide 


carbon dioxide and oxygen analyzer 


THE emission of oxides of nitrogen is recognized as a factor in the formation of Los 
Angeles type smog As part of a research program sponsored by the Southern 
California Edison Company a study was made of processes leading to a decrease in 
the emission of oxides of nitrogen in stack effluents (BARNHART and DIEHL, 1959 
HAAGEN-Smit and CHADWICK, 1959) 

Chemical measurements are unsatisfactory because of fluctuations in stack gas 
composition, and unless a large number of single determinations are made, the 
experimental error may be great. In addition, the chemical methods are time con- 
suming. Especially in the study of the effect of furnace conditions on the formation 
of oxides of nitrogen the need for a monitoring device was strongly felt. After 
changes have been made in the combustion conditions, it is difficult to decide when 
a steady state, favorable to spot analysis, has been attained. In the laboratory 
investigations a large number of catalytic agents were tested, and here also a quick 
and accurate analysis was needed to record the nitric oxide and sulfur dioxide content 
of inlet and outlet gases 

Several difficulties had to be overcome before a continuous registration was pos- 
sible. Combustion gases contain substantial quantities of water, sulfur dioxide and 
dust, and to make matters worse, enough sulfuric acid to raise the dew-point to 
300" | The removal of water, dust and sulfuric acid was accomplished by con- 
densation, followed by electrostatic precipitation. A millipore filter following this 
train was included as a safety factor to protect the infrared analyzer in case of failure 
of the precipitator. No visible dust had collected on this filter after several mont! 
of use 


This arrangement has been used before a Consolidated Electrodynamics Corpora- 


* Paper presented at the Air Pt 
National Meeting, Chicago, Ill 

+ California Institute of Technology, Pasadena 

* Massachusetts Institute of Technology, Cambrid 
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spectrophotometer, indicating the NO, content of the flue gas. We 
NO, concentration is less than 20 p.p.m. (v/v), and that most of the 
gen are in the form of NO. In order to measure the NO, it was neces 
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ation of NO, by the ultraviolet spectrophotometer could 
factory measurements were made, it appeared mo 
ectly by 
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operation for over | year without interruption 


SCRIPTION OF APPARATUS 


infrared ana 


yzers and the purification train is shown in 
ul, fabricated fron 


Stainless steel tubing of } in. dia- 


itic pecipitator 


approraimée 


160 \ 
tion ultraviolet 
nel 
des ol tros 
Saiy t 
ozone, a conti 
be obtained 
Simpie to mea 
Becker Model nirared analyZe¢ 
instruments have Deen in constant 
D 
[he arrange nt of the 
Fig. |. The condensation c 
VC 
R 1959/ 
= 
j Sampling system for infrared analysis of flue gas 
Flue g ed through a condenser held at 4° C, then through an clectrostqqqgg 
xcess water aga t Delore pa ge througn the infrarea analyzer 
( efrig t t I electrostatic precipitator 
B— tant temperature water bath M—n pore filte 
meter, 1s ib rged in a constant temperature water bath held at guageeeentcly 
‘ } —_ hed +} H » enal 
4 4 Ca ) Wil Ice wwever, ce OU goal was a fully 
aut al rwithatl nil iT | Servicing required, we found it exped! nt to 
ise a tically seaied reirigerat init manufactured by Tecumseh Pri 
ducts ¢ pal Tecur h, Michigan, Model P6112I Ihe condensed water 1s 
ved | | ont verti ae 
T} fl ) | next througn a precip te) ade of Pyrex gla (Fig } The 
glass tube consists of two parts, connected by a 29 42 standard taper platinum clad 
t. whicl ded I} ectrode i carbo teel rod of 3 32-1 8 in. dia 
I 10V a unit inulact d by Raytheon Manutacturing Com- 
pany, Walt Massac tts, which de an output of 10,000 V d.c., at very 


Spectroscopic Analysis for Nitric Oxide, Nitrogen Dioxide and Sulfur Dioxide 16] 


he purified gas is then passed through a millipore filter, AA white, plain, 0-47 mm, 


backed by a No. | Whatman filter paper. These are held in position with a wax seal 


(U.S.P. beeswax and paraffin 1: 1) between two glass funnels. Another satisfactory 


glass filter holder has been described (MADER ef al., 1950), in which ground glass 


surfaces between which the filter is placed are held together by a special clamp 
Filter holders are available from the Millipore Filter Corporation, Watertown 72, 


Mass., but these are usually fabricated of metal, and do not afford the visibility or 


corrosion resistance of glass construction. The gas then enters the analyzer. On 


the exit side of the analyzer a rotameter indicates the flow rate, 


which is kept at 
approximately 2 |/min. 


*CARBON STEE 


if RUBBER ST 


Precipitator ior 


ie 
Vi 


The apparatus has been operated on suction by placing a pump ¢ 
the train. However, it is preferable to have a positive pressure in the system, obtained 
by placing a pump between the source and the apparatus. We now use a pump 
obtained from A. O. Beckman, Inc., Fullerton, Calif., Model Z 300. It 


a heavy 
duty diaphragm pump, with positive displacement, powered by a } h.p. motor, using 


115 V, 50-60 A All surfaces are of stainless steel or synthetic rubber to prevent 
corrosion. The bearings are permanently lubricated. 
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STANDARDIZATION 


East Ruther- 


res obtained from the Matheson Company, Inc., 


to calibrate the instrument The zero, or background, gas is 
QO, and the balance N Using this 


SO.. 10-5 
manual standardization 
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fuel it may be preferable to omit the SO, from the 


ip-scale gas is a mixture of 500 p.p.m. NO, 10-5 per cent 


the procedure ts reversed, using the standard NO mixture for 


SO, mixture for up-scale 


ON NO CONCENTRATION DETERMINED BY THI 


INFRARED ANALYZER 


Carbor is included in the standard gas mixtures in a concentration of 10-5 
flue gas has been observed to vary in CO, concentration between 
lo determine the effect of CO, concentration on the infrared 
were introduced into the sample stream, 
The CO, was introduced 


1¢ it 


per cent because € 
8 and 

NO, varying amounts of CO 
infrared reading was recorded 
and its concentration could be adjusted by varying tl 


constant flow rate of 1675 ml min through the infrared 


readings 
in the 

eter, 

ning a 


shown in Table 
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10 per cent CO, present in the original flue gas. The fuel during these experiments 
consisted of one-half oil and one-half gas 

From these experiments we may conclude that any deviation in the infrared read- 
ing of NO concentration due to normal fluctuation of the CO, is not significant, 
since in the concentration range usually encountered in power plant operation the 


deviation is less than 5 per cent. 


EFFECT OF CO ON SO, AND NO INFRARED ANALYZERS 


During the normal efficient operation of a power station carbon monoxide is 
virtually absent from the stack gases. However, under certain conditions which 
favor inefficient combustion, such as the transition from oil to gas or a reduction in 
the excess oxygen, carbon monoxide may be formed 

lo test response to carbon monoxide, known quantities of CO were introduced 
into the gas stream entering the analyzers. The results are shown in Fig. 3. The 
response was found to be the same whether flue gas or standard gas mixtures were 


used as the background. 


FiG. 3. Response of infrared analyzers to carbon monoxide 
Background gas composed of 10°5 per cent carbon dioxide in nitrogen. The indicated increase in 
spectrophotometer reading upon introduction of known amounts of CO to the background gas is 


designated as “* 4 p.p.n Response of both SO, and NO analyzers is shown 


Both SO, and NO analyzers are sensitive to CO and will register CO as SO, or 
NO, respectively. While this interference is objectionable if one wants to measure 
only NO or SO,, the CO can be eliminated by passing the gas stream over a com- 
bustion zone at approximately 1500° F. However, carbon monoxide is a sensitive 


indicator of combustion conditions, and by passing the gas stream through our 


purification train we have successfully operated a Mine Safety Appliances Infrared 


Analyzer for carbon monoxide in addition to our regular analyzers. 
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ON NO CONCENTRATION DETERMINED 
INFRARED 


BY THI 
ANALYZER 


f the combustion of oil and gas contains varying concentrations of 
, and the effect of these variations on the NO readings was determined by adding 

different quantities of SO, to the flue gas containing 500 p.p.m. SO 

data are shown in Table 2 


Che resulting 
It is shown tha 
are not afl 


a 


t in the concentration range of 0-2750 p.p.m. SO,, the NO readings 
ected significantly 


ANALYSIS STACK 


GASES BY INFRARED SPECTROSCOPY 
To illustrate the u he instrument, a few 
ved durir oiler operation (1 


igs. 4 
u u 


examples have been selected of data 
ace operating condit 


nd 6) The 


sensit 


ndicated in Fig. 4, 


Tele 


response of 


the appearance 


peration 
nation wi 
(SAI 


1943: GOLDMAN 


164 A. J 
EFFECT OF 
TABLE 2. Errt Ff SULFUR DIOXIDE ON INFRARED READINGS OF NITRIC OXIDE IN 
Fi \ 
SU) Total SO Infrared read 
min ) (p.p.t (p.p.m. NO) 
1 SOK S10 
4-5 
N Unit; Fue gas 
Background: flue gas containing approximately 500 p.p.m. SO 
Onc 
1959, 
: 
~ 
Reading |! ‘ t eft, the Ro me licate stage n the ft ti fro 100 va 
(Il and II) t Vi i Vil SO, concentratio licated by the 
frared spect e « Arrow te dips in SO, concentration caused by the 
I small dip irrows) which are caused b liilution of the stack gas with air blow 
nto the stack r the remova I ol Int hgure the increase in SU, concentra 
VariaDies on nit xide lormaluior In bot cases the effect o1 is 
easily recorded by the infrared spectrometer! Fig. ¢ ncludes da al 
analyses made during the test, using the modified Griess method 4) 
and the phenoldisulfonic acid method (BEATTY et a/., HENNE and Jacoss, 


165 


Spectroscopic Analysis for Nitric Oxide, Nitrogen Dioxide and Sulfur Dioxide 


1953). In general, all three methods agree. However, more variation between indi- 
vidual analyses is shown by the chemical methods than by the continuous infrared 
Subsequent tests of each of the methods on a standard gas mixture 
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THE LONGEVITY OF THE PHYTOTOXICANT PRODUCED 
FROM GASEOUS OZONE-OLEFIN REACTIONS* 


WILFRED NIELS ARNOLD 


(Received 24 April 1959) 


Abstract—Gaseous mixtures of an olefin and ozone were blown at constant rate through 
of uniform cross section. A small aquatic plant was placed at prescribed intervals withir 
The phytotoxicants produced from the ozonization of both 3-heptene and 2-pentene were 
unstable. The distribution of plant damage within the exposure tube indicated the lor 
phytotoxicant 

Ihe reduction in chlorophyll content of fumigated plants was used as a quantitatiy 


damage. The results suggest that the decay of the phytotoxicant follows a first order or pseud 


order reaction. The half-life of the phytotoxicant from ozonated 3-heptene is } hr while the f 
toxicant from ozonated 2-pentene has a much shorter half-life This difference in stabilit 


explained in terms of the “ zwitterion ” mechanisn 


INTRODUCTION 


A UNIQUE type of air pollution damage to vegetation of the Los Angeles area was 
reported by MIDDLETON et a/. in 1950. Leafy vegetables are extremely sensitive to this 
type of injury; the glazing symptoms have been associated with the oxidizing nature 
of the Los Angeles atmosphere. HAAGEN-Smit ef a/. found that plant damage symp- 
toms, resembling those occurring in the field, could be produced on test plants by the 
reaction products of certain olefins with ozone. The phytotoxicant escapes positive 
identification at this date. The present investigation has been concerned with the 
unstable nature of the phytotoxicant and in particular with the rate at which the 
material decomposes. The rate of decay of the phytotoxicant should give some insight 
into the composition and structure of the molecule 

Scott et al. studied the gas phase reactions of ozone with a number of olefins by 
infrared spectroscopy. They found that the “ zwitterion”’ mechanism advanced by 
CRIEGEE for the liquid phase chemistry was successful in explaining the reaction pro- 
ducts, although ozonides were minor products in the gas phase. Under this mech- 
anism the attack at the double bond by ozone is followed by a splitting of the addition 
product to yield aldehydes and zwitterions. Several subsequent reactions by the 
zwitterions are possible. The stable end products include aldehydes, alcohols, organic 
acids, oxides of carbon, and ozonides. 

Recent studies by DARLEY and co-workers revealed that the stable ozonides of 


l-pentene and 2-pentene are not phytotoxic at concentrations of 3 to 5 parts per 


million (p.p.m.) while the phytotoxicant from the ozone-olefin reaction is unstable 


at concentrations of less than | p.p.m 
In the present investigation a large excess of olefin was reacted with ozone so that 


the addition reaction of ozone to the double bond was virtually completed within a 


* Thesis presented to the Graduate Division, University of California, Los Angeles, in partia 
fulfillment of the requirements for the degree of Master of Science 

t Formerly Junior Specialist, University of California, Riverside. Present address: Department 
of Botany, Cornell University, Ithaca, New York 
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matter It was desirable to achieve an ozone-free system because plants 
are damage 1e alone. Plants were fumigated at intervals in a dynamic system 
and the dist: tl 1 damage was used as an indication of relative concentrations 


MATERIALS AND METHODS 


n apparatus was 32 ft 


long and was constructed with 4 ft 


eter glass tubing, sealed with plastic tape and located in a 
ated carbon filt 


ered al \ perforated aluminum plate 


Ihe behavior of an ammonn 
tube indicated that the flow pattern was reasonably 
constant flow and uniforn introduction 


at a particular 


Ihe ozone concentrati 
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ait 
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L959, 
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fl isured by flow meters that were recalibrated by displacing air t rougi 
t! eters with a measured volume of wate! Ihe ozonizer consisted of a small ultra 
violet lamp inded by a glass jacket through which passed tank oxygen, dried 
with anhydi calcium chloride Variations in the output of the ozonizer wer 
t pota Hd 
i brass rod, geared to a all electric cloch [he syringe © is (<1 
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jacket which was maintained at 5°C. A stream of nitrogen vaporized the olefin from 


the tip of the syringe. The olefins used in these experiments were technical grade 
3-heptene and 2-pentene. 

It has been mentioned that the phytotoxicant produced from the ozone-olefin 
reaction has not been positively identified. Much of the difficulty which has been 
encountered in analysis is undoubtedly due to the unstable nature of the phytotoxi- 
cant, which is demonstrated in the present investigation. Bioassay is the only sure 
method available for quantitative work with the phytotoxicant. ERICKSON and 
WEDDING showed that a small aquatic plant Lemna minor L. was injured by ozonated 
hexene. They found a good correlation between the reduction in chlorophyll content 
and the duration of exposure. The size and sensitivity of the plant made it ideal for 
this investigation. 

Plants were floated in open, 2 in. petri dishes which were supported by thin alu- 
minum plates. These plates were 8 in. long and their width was a little less than the 
inside diameter of the tube so that the level of the plants in the petri dish was in line 
with the horizontal diameter of the tube. Plants were exposed at prescribed intervals 
along the tube. Replicates were obtained at each exposure point by dividing each 
petri dish with a small aluminum strip held in place by paraffin wax. The wax was 
covered by the bathing solution of the plants. Dishes were aligned in the tube so that 
the strips ran lengthwise. The assembled tube was covered with sheets of black paper 
[he plants were exposed under these conditions for periods of about 24 hr. Control 
plants were placed in the dark, near the tube. The same set of control plants was used 
for all positions in the tube 

he reduction in chlorophyll content of fumigated plants was used as a quantitative 
measure of plant damage. All of the plants in any one sample were ground in a 
Potter homogenizer with | ml of acetone. After adding another 5 ml of acetone the 
slurry was mixed and then centrifuged. The clear supernatant was decanted into a 
10 ml stoppered, volumetric flask and the volume was made up with acetone. The 
optical density of this solution was measured at 665 mu. Damage was expressed as a 
percentage by the ratio: reduction in optical density over optical density of control 
extract. By carefully selecting uniform, three-fronded plants in groups of fifteen it 
was possible to obtain extracts with optical densities that varied by as little as | per 
cent and rarely by more than 5 per cent. The variation between duplicates of fum- 
gated plants was generally slightly higher 

The absorption spectrum of an acetone extract from Lemna minor has peaks at 
432 mp and 665 mz. Absorbance measurements were made at the higher wave length 
because the absorption at 665 my is primarily due to chlorophyll-a. At432 my there is 
interference from other leaf pigments; however, a close agreement was obtained 
between damage determinations at the two wave lengths 

Plants were grown in nutrient solutions contained in 10 |. glazed porcelain crocks 
[he greenhouse was supplied with carbon filtered air. Temperatures ranged between 
20°C and 30°C and the light intensity at midday was typically 3000 ft candles. The 
nutrient solution, which was changed daily, was made with tap water to which was 
added potassium nitrate, magnesium sulphate, potassium monobasic phosphate, and 
chelated iron, in amounts comparable to half-strength Hoagland’s solution. Growth 
was most vigorous at a pH between 6 and 7; the pH was adjusted to within this 


range with 7 per cent nitric acid 
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RESULTS 


I rperunents vith 3-hepte ne 


Preliminary trials with 3-heptene and ozone revealed that there was no significant 


decrease in damage from one end of the tube to the other unless the residence time was 


ytotoxicant from 3-heptene and ozone residence time &°51 min IT he 


rt xpressed as percentage reduction in chlorophyll content compared 


with unfumigated controls 


at least 8 min Trials I and Il were conducted with a flow rate of 4-95 1./min the 


residence time was 8°51 min Trials Il] and IV were carried out at a flow rate of 


f the phytotoxicant from 3-heptene and ozone; residence time 25-52 mir Th 
garithmic, expressed as percentage reduction in chlorophyll content compa 


with unfumigated controls 
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1-65 1./min to provide a residence time of 25-52 min. The lower air flow was obtained 
by bleeding to waste all but one-third of the individual ozone—oxygen and olefin 
nitrogen streams before mixing 

If there had been no reaction the final concentrations would have been 
of ozone and 35-0 p.p.m. of 3-heptene. The cracking of rubber under tensi 
highly sensitive and specific test for the presence of ozone. Small strips of rubber were 
placed at intervals within the tube. After | hr at the higher flow rate there was slight 
cracking on the test piece | ft from the point of introduction of the reactants. There 
was no cracking at 4 ft so the initial ozone—olefin addition reaction had run almost to 
completion within the first 2 or 3 ft of the tube 

rhe results of four fumigations with 3-heptene and ozone are presented in Figs. 2 
and 3. Each point represents the mean damage of two samples at that posi 
Positions are expressed as distances from the point of introduction of the 
and as the length of time that the reaction has been allowed to proceed. Calcula 


based on a least-squares covariance analysis of the data are presented in Table 


TABLE 1. FUMIGATIONS WITH OZONE (2°33 p.p.n ND 3-HEPTENI 


EQUATIONS TO THE STRAIGHT 


Equatior 


log D = 1-5694 —0-004866 S 
Il log D 1-3748 ~0-006499 
ill log D = 1-5690 —-0-009974 
log ¢ |-8467 -0-004593 


D = damage * Significant at 0-05 level 
( chlorophyll cor tent ** Significant at 0-01 level 


S = distance feet 


Because Trial IV contained a sample (at 31-6 ft) with no damage the results 
analyzed according to chlorophyll content instead of damage, as in previous t 
The straight line (IV) in Fig. 3 is a close approximation obtained indirectly from 
equation to chlorophyll content 

In the course of an experiment the room temperature was recorded every 45 
The mean temperature and standard deviation for each trial are: I, 18°¢ (6 
II, 13-8°C (9-8°); ILL, 23-7°C (45°); IV, 25-7°C (5-5°) 

Experiments with 2-penten 
A trial was conducted with 2-pentene and ozone with a residence time of 8-51 min 


The concentration of 2-pentene was 45-0 p.p.m.; the ozone concentration was 2:3 


p.p.m. The mean damage at | ft was 20 per cent. The level of damage fell rapidly 


with distance along the tube so that most of the samples were undamaged 

Another fumigation was carried out at a residence time of 2°5 min. The concentra- 
tions were: | p.p.m. ozone and 100 p.p.m. 2-pentene. The results of this trial are 
presented in Fig. 4. The equation to the straight line of best fit is: log D=1-7404 

0-003925 S and the coefficient of correlation, r =0-8814 (significant at 0-001 level) 
Experiments with natural pollution 

It was observed that plants exposed to naturally polluted Riverside air were damaged. 
The symptoms, separation of fronds, discoloration and dehydration of tissue, were 
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the symptoms of ozonated olefin injury (Fig. 5). On one occasion plants 


similar to 
that were exposed to outside air for 2 days contained 20 per cent less chlorophyll 


than plants that remained in the filtered greenhouse 


STON 


plex ozone-ole 
[he steps could be represented as follows 


reactions 


, represent the specific reaction rate constants and A, B, ¢ 


s 0-13 p.p.m.~'min and for 2-pente 


(STEPHENS, 1958) using a concentration of the olefin 1n lat 

oncentration the time required for almost complete reaction 
be reduced to a matter of secon Ihe analysis can be further simpli 
yf the consecutive reactions g. If, for instance, the react 
-C then the rate determining s 


100 times faster than the react 
would be B -~C and the s\ 


{ and the format 


arance ol 


zed as a pseudo-first order re 
xicant decays in this mant if damage is proportional to « 


ase in dan would be given by 


dD 


ocity constant 


ng log damage against time, a straight line would be obtained 
in this manner. Significant correlat 
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hand the decay of the phytotoxicant appears to follow either a first order or a pseudo- 
first order reaction. The period of half-life (t,,.) can be calculated from the statistical 
equation in terms of distance. This figure can be converted into units of time by 
dividing by the velocity of the gases in the particular trial. Values for half-life are 
given in Table 2. The rate constant k was determined from the relationship 


0-693 
A 


TABLE 2 FUMIGATIONS WITH OZONE ( 3 p.p.m.) AND 3-HEPTENE (35 p.p.m.) 


RATE CONSTANT AND HALF-LIFE 


I xposure Half-life of 


phytotoxicant 


The trial (Fig. 4) with the phytotoxicant from 2-pentene gives a half-life of 6 min 
This figure is open to considerable error due to extrapolation. But, from the two 
experiments with 2-pentene and ozone it is evident that the life of phytotoxicant from 


th 


I the lack 


2-pentene is much shorter than that from 3-heptene his would account for 


of damage from ozonated 2-pentene that HAAGEN-SmiIT ef a/. observed under thei 
conditions and for the positive results that DARLEy ef a/. obtained only when the 
residence time was short 

The evidence presented in this paper is consistent with “‘ zwitterion ” mechanism 
suggested by Scott and co-workers. The splitting of the addition product from 
3-heptene and ozone would yield radicals C, and C,, whereas the 2-pentene addition 


product would yield C, and C, radicals. The radicals of longer chain length would 


probably be more stable and thus the phytotoxicant from 3-heptene would con- 


ceivably be longer lived than that from 2-pentene 


SUMMARY 


The phytotoxicants from ozonated 3-heptene and ozonated 2-pentene were shown 
to be unstable. The half-life of the phytotoxicant from 3-heptene is 
half-life of the 2-pentene phytotoxicant 1s much shorter 

The unstable nature of the phytotoxicant is but one part of the dynamic situation 
that exists in the polluted atmosphere of the Los Angeles Basin. Insight into the 
numerous chain reactions can be developed systematically by studying such isolated 


steps, in the laboratory, under steady state conditions 
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THE SPATIAL DISTRIBUTION OF AIR 
POLLI'TION IN SHEFFIELD, 1957-1959 


J. PEMBERT 


Abstract ) A 
period has been 1 
2) Pollution levels were rela nversely 
ior smoke, was [our to be the population densi 
sources accounted for much of the sulphur dioxide 

(3) Maps have been drawn upon which the pollution means for one complete ye: 
summer and two winter periods, have been entered at the site of each instrument. The 
or smoke for 1958-59, April to March, ranged from 6 to 51 mg/100 m*, and for sulphur dik 
2:1 to 15-2 parts per 100 million Pollution during the second winter was considera 
most areas than in the first 

(4) Although t most sites there wa in increase in pollution dur ng the second vear 


with the first, there was evidence of a decrease in smoke in an area near the cit 


designated as Smoke Control Area No. |. However, sulphur dioxide levels here as elsev 


an increase during the second year 


HE above M.R.C. Group was established to study air pollution in relation t 

tory disease. This paper presents the findings about the spatial distributior 

air pollution in Sheffield Temporal changes, and the relationship between 
pollution and health, will be dealt with in subsequent papers. Experiments 
nexion with the siting of instruments and the reliability of results are 

another paper in this issue (CLIFTON ef al., 1959) 

[he most detailed study of air pollution in a British city so far reported 
carried out over a period of 3 years in Leicester (H.M.S.O, 1945) usin; 
volumetric instruments. A report on the London fog of December, 1952 
lished by the Ministry of Health (H.M.S.O., 1954) giving results from twelve 
metric instruments for9 days. Asurvey of air pollution by the London County Council 
from 1954 to 1956 based on seven volumetric instruments was included in the Medical 
Officer of Health’s report for 1957 and later published (Gore and SHADDICK, 1958) 
The monthly Atmospheric Pollution Bulletin issued by the Department of Scientific 
and Industrial Research (D.S.1.R.) gives mean monthly air pollution concentrations 
in many parts of the British Isles. In the Sheffield study, by using the same technique 
throughout and having a comparatively large numbe nstruments, air pollution 
could be related to the health of the population 


results of day-to-day changes noted 
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THE TOPOGRAPHY OF SHEFFIELD AND THE DISTRIBUTION 
OF POPULATION 


iphy of Sheffield is more complicated than the shallow basin-like con 


Leicester and London, as there are variations in a > from 100 to 


lower limb by its tributary the 
») rivers, has grow! 

three valle Factories are concentrated along 

oO water ar > availability of canals, roads and 
e oldest ar most densely populated residential 
ig areas (s ig The heaviest industrial con- 
in the lower Don valley. Here 


residential areas have been built 
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on rising ground to the south-west away from the industrial valleys, where the pre- 
vailing wind comes from the agricultural and moorland areas of north Derbyshire 
North of the Don lies a plateau rising to 500 ft (152 m) where large housing estates 
were built between 1918 and 1939, with further extensions since 1945. Similar large 
housing estates have been built on high ground rising to over 700 ft (213 m) on the 


south-east and south. 


Sheffield 


Population density 
1957 


City boundory 


Volumetric sampling instr 


f electors per ocre 


WE 


Ss* 


> 
Fic. 2 Map of Sheffield showing relative population densities ir 
per acre in each polling district was calculated, and adjacent poll 


were con 


Fig. | shows the geographical features of the city, the distribution of industry and the 
various types of residential district. It also shows the sites of the instruments measur- 
ing air pollution, each with a code letter by which the site can be identified in the table 

The area enclosed by the city boundary is 39,586 acres (16,020 hectares), but this 
includes many square miles of open moorland in the west. For this reason the figure 
of 12-9 persons per acre at the 1951 census is somewhat misleading. The total popu- 
lation in 1951 was 512,850. Population densities in the electoral wards vary from 2-4 
(in the ward which includes the above-mentioned moorland) to 62-3 near the centre 
In Fig. 2 the distribution of population in 1957 is shown, using the number of electors 


as total population figures were not available 
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topography in relation to pollution has been stressed by Gar- 


er measurements were made with a different type of instrument 


THODS USI MEASURE POLLUTION 
that developed by the Fuel Research Station 
except at week-ends when few Sunday visits were poss 
noke and of acid gases, mainly sulphur dioxide, in the 
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NUMBER AND DISTRIBUTION OF INSTRUMENTS 


vey the Shefheld City Health Department wa 
ese daily volumetric instruments, mainly 
agreed to purchase a furtl 
il of the M.R.C. Group 
1956 and during the next 18 
different parts of Sheffield, the ren 
replacements. This gave a total for 
Department made their results available he Group 
the guiding principles were to place them in populated 
ve samples of air breathed by the people living in the city, 
instruments close to large sources of pollution. One instru- 
gh on the moors on the west to indicate minimum levels for the 
electoral wards were the areas on which many of the figures for 


orbidity were based, they were taken into account in selecting sites 
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The Spatial Distribution of Air Pollution in Sheffield, 1957-1959 
but the number of instruments was not sufficient to cover all the larger, less populous 
wards and pollution estimates were made for these where possible. 

The period of 24 hr for collection of samples is now in general use as the shortest 
practicable, when the apparatus has to be visited to change the filter paper and solution. 
Instruments are available which change automatically but these are expensive and 
need much more maintenance than the simple and reliable standard D.S.1.R. apparatus 

The ideal aimed at was to change filter papers and solution daily, including Sundays, 
but this was possible at only four sites. At three others arrangements were made to 
switch off the pump on Sunday so that a true reading for the previous 24 hr was 
obtained, but the remaining instruments were left running over the week-end and the 
pollution in each of the 24 hr periods was assumed to be the same as the average for 
the 48 hr. This problem will be discussed in a separate communication. 

Ihe Group was given permission to install instruments in schools, hospitals, local 
authority clinics, a factory, and several private houses, and at seven of the sites volun- 


teer helpers attended to the instrument at week-ends 


AVERAGE LEVELS OF POLLUTION IN SHEFFIELD OVER 
DIFFERENT PERIODS 

In Table | results are given for all the instruments in regular use in Sheffield by 
the M.R.C. Research Group and the local authority. The reference code used on the 
map (Fig. 1) is given for each site, with its elevation, an indication of the type of area 
in which it is situated, and an index of population density. The latter was derived 
from the official list of polling districts giving the number of electors in each for 1957 
The area of each polling district was estimated from a map by means of a planimeter, 
and the number of electors per acre calculated. From these figures the map in Fig. 2 
was prepared, and the index of population density for each site in Table | is the as- 
sessed average number of electors per acre in an area of § mile (0-8 km) radius round 
the site. 

Although the first instruments set up by the M.R.C. Group (in addition to the eight 
already operated by the local authority) were started in December 1956 it was not 
until the beginning of April 1957 that another eight were running, making sixteen in 
the city. These were in almost continuous operation for the next 2 years. During the 
second year (April 1958 to March 1959 inclusive) thirty instruments were in operation 
including the original sixteen. 

In calculating yearly means, when any month’s readings were incomplete the follow- 


ing formula was used to provide an estimate of the missing figure and avoid bias 


(that month’s mean for all instruments) « (mean of all known months for the instrument concerned) 


(year’s mean for all instruments) 


In addition to the yearly means, Table | contains means for summer and winter 
periods. In the Leicester Report, periods of 5 months were taken to represent summer 
and winter. When the Sheffield results were examined it was clear that June, July and 
August were much alike in having very low pollution and the addition of May and 
September would have blurred the picture. Similarly in November, December and 
January the pollution was at its heaviest. In order to obtain the best contrast it was 
decided to take only 3 months to represent each season: June, July and August for 
summer, and November, December and January for winter 
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The mean of the two winters’ values is also given in Table | in order to provide a 
single index of pollution to be used in relation to elevation and population density 
In the five cases where no readings were available for the first winter, an approximation 
was made by correcting the second winter’s figures for the average difference between 


the two winters at neighbouring sites. 


pp million, meor 

Elevation and pollution. In the upper graph the elevation at the site of each pollution 
instrument is plotted on a logarithmic scale against the mean smoke value for two successive 
winters (Nov.—Jan. 1957—58 and 1958-59) at that site. The code letter for each site is used so that 
relevant information given in Table | and Fig. 1 may be considered. The lower graph shows the 
mean sulphur dioxide value for the same two winters in relation to elevation 
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ELEVATION AND POLLUTION 


In Fig. 3 the elevation of each site (on a logarithmic scale) is plotted against smoke 
and against sulphur dioxide, taking the mean of the two winters readings in each case 
The code letters are used on the graphs so that information about the sites given in 
Table | and Fig. | can be taken into consideration 

Both graphs show a decrease of pollution with height above sea level. There are 
several points of interest in the relative positions of certain sites on the two graphs 
For instance, R, f and C (all in the north-eastern valley in the area of heavy industry) 
have high values for sulphur dioxide, but much less smoke than would be expected 
from the general trend of the upper graph; and the contrast is greater in the case of R 


rely industrial than for f or C where there are some small houses among 


another instance, Q and a have almost identical amounts of smoke but a has 
ilphur dioxide as R and C whereas Q has less. Site a is in the same valley 

und receives sulphur dioxide from the steel works, but Q lies in the Sheat 

away from them. Site J on the other hand is in the vicinity of the steel 

has no more sulphur dioxide in winter than Q. This might be due to the 

of sulphur dioxide by some alkaline effluent in the neighbourhood and 


nvestigate this problem 


AIR POLLUTION AND POPULATION DENSITY 


Fig. 4 shows smoke and sulphur dioxide in relation to population density. Once 
nean of two winters’ pollution is used. The graphs for elevation were very 
, but this pair are quite different. The graph for smoke shows a correlation 


pollutant and the number of electors per acre in the district, but in the 

phur dioxide there is no such correspondence. In this graph, sites R, f/f, 

ady mentioned as being in or near the area of heavy industry) are shown 

as having much sulphur dioxide although the population density is low or moderate 

Sites F and G ; have relatively high levels of sulphur dioxide. F is in the business 

and commercial area where central heating is the rule, and G nearby has been the 
scene of mu lum clearance and rebuilding 

Since even the most heavily industrialized areas do not produce more smoke than 


would be expected on the basis of their population, even though the sulphur dioxide 


levels are very high, it appears that domestic chimneys must account for the greater 


part of smoke pollution. Because the areas of denser population lie in the valleys in 
Shefheld it might be thought that this accounted for the correlation between smoke and 
elevation, but if an area on the hillside such as that round site A is considered, it can 
it population density and elevation do in fact have separate effects. The 

A in relation to others in the two graphs for smoke in Figs. 3 and 4 

1 Fig. 3 site K has rather more smoke than would be expected 

compared with site / with less population. In Fig. 4 on the other hand 


smoke than other sites with the same population density, all of 


ed by contact with higher ground flows down in calm weather 
ir within which pollution accumulates; on higher 


is dispersed much more rapidly 
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DISTRIBUTION OF POLLUTION: YEARLY MEANS 
APRIL 1958—-MARCH 1959 


To illustrate the distribution of pollution in Sheffield over different periods a map 
of the city has been drawn with a circle at the site of each instrument. The size of the 


circle represents the area (roughly 4 mile or 0-8 km in diameter) over which the instru- 
ment gives a reliable estimate of pollution. For monthly means the greatest error is 
within plus or minus 40 per cent, nineteen times out of twenty (see CLIFTON ef al 
(1959) in this issue). 


50 


Index of population density 


p.p. (0Omillion, meon of 2 winters 


Fic. 4. Population density and pollution. An index of population density at the site of each pol- 
lution sampling instrument was obtained by assessing the mean number of electors per acre in an 
area of 4 mile (0-8 km) radius round the site from the map in Fig. 2. This index was plotted against 
the mean smoke value for two winters for each site (as in Fig. 3) in the upper graph and against 


the corresponding sulphur dioxide value in the lower graph. For code letters see Table | and Fig. | 
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parts in the north-eastern industrial valley. The heaviest concentration (denoted by 
the dark circles) is found in areas where there is heavy industry (sites R, f and C) and 
in the business and commercial centre (site F). At site a there is a fairly densely 
populated area with heavy industry nearby, and this is the only site where the 
dioxide and smoke values are both high. It is interesting to note that two of the 
with high sulphur dioxide levels are F and R, mentioned in the previous paragray 
as having relatively low smoke levels, one being associated with a large number 
central heating installations and the other in a non-residential area with much he 
industry 
Another point of interest in comparing Figs. 5 and 6 is the fact that sit 
moors has slightly more sulphur dioxide than the suburban site O, but only abou 
as much smoke. This raises the question of the sources of each type of pollut 
the distance which each is likely to travel. It is hoped to discuss tl 
forthcoming publication dealing with the effects of the weather on polluti 
For sixteen sites the means of two successive 
smoke values are seen to be higher in 1958-59 than 
Sites, A, K, al , where they decreased, and one, B 
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Sulphur dioxide is chiefly associated with heavy industry and the business and commer- 
cial centre; smoke is relatively less at the city centre but is heaviest where population 
density is high, especially when these areas also contain small industrial premises 
such as characterize the older parts of Sheffield, and are situated on the floor of the 


valley. 
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place, and four were run out of the same window at the laboratory. This gave 
estimate of the intrinsic instrumental errors (experiment A in Table 1). Errors whi 


oO 


would affect all instruments in the same way, such as those inherent in the scale 
shades calibration for smoke, were ignored. Another source of error in dealing with 
horizontal changes in pollution might have arisen from the fact that it was not alway 
possible to place the inlet funnels at the same height above the ground, so an 


ment was carried out in which samples were taken with four instruments, the 


funnels of which were placed vertically above one another 


and 40 ft (3, 6, 9 and 12 m) above ground level (experiment B in Table 1) 


After these preliminary experiments the distance apart was 


up to 1302 yd (1191 m). In order to make direct compar 


Yos 
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were arranged to overlap, so that pairs of experiments at different distances were 
being carried out at the same time. For the first pair of experiments seven instruments 
were set out, the central one at the laboratory and six others along three spokes radi- 
ating from it. (Fig. | and experiments C and D in Table 1.) Later, instruments 24 
and 3A were moved out beyond 5 and 6 to sites 2B and 3B. There was already a regu- 
lar daily sampling instrument suitably placed in relation to site 7, at 4B 

All measurements were taken using the standard volumetric instrument recom- 
mended by the Department of Scientific and Industrial Research (D.S.I.R., 1957) 
which samples suspended particulate matter (smoke) and gaseous sulphur dioxide 
All stains were measured photoelectrically. For a more detailed description of the 
methods used see PEMBERTON ef ai. (1959) in this issue 


( OBFFICIENTS OF VARIATION OF DAILY MEASUREMENTS OF SMOKE AND 


SULPHUR DIOXIDE AT DIFFERENT DISTANCES 


Means of daily values Coefficient o 
Mean distance No. of 


variation ( 
apart days 


Smoke SO, 
(mg/100 m*) (p.p. 100m.) Smoke SO, 


covered 


Same window 
6 vad (5:5 m) 


rt 


ive tical) 


222 va (203 m) 


$32 yd (486 m) 


$3) vd (486 m) 


1302 yd (1191 


Discussion. The coefficients of variation in experiment B do not differ appreciably 
from those obtained in experiment A. It appears that the height of the sampling 
funnel is unimportant within the limits of the experiment, i.e. up to 40 ft above ground 

lin a city 

The results of experiments A and B taken together show that a coefficient of varia- 
tion of about 7 per cent for smoke and 5 per cent for sulphur dioxide is inherent in the 

neasurement. For comparison, the Leicester report quotes 15 per cent 
for smoke measurements (obtained by a slightly different technique) and 3 per cent 
for sulphur dioxide. The figure of 15 per cent was obtained under deliberately chosen 
adverse conditior 5 per cent is quoted as the best obtainable. This Group's 
re probably typical of ordinary running conditions 
to F formed part of the general plan of measuring the decrease of 
nce. The comparison between the results of D and E is of interest 
were obtained with the same instruments, in the same positions, but 
Because of the marked change in the coefficient of variation, only 
i during the same period for the different distances should be used for 
variation with distance 


and D using the variance ratio test, the increases in 


TABLE 
Experiment Month No.of 
ments 
1957 
B April May 4 6 
Novembe 4 22 $7 15-0 4 
D November 3 ee 22 60 15-0 19 16 
1958 
January 23 53 13-3 12 21 9, 
Janu 21 40 11-4 $4 83 
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variability in both the smoke and sulphur dioxide measurements were found to be 
significant at the | in 1000 level. Similarly, comparing the results of experiments 
E and F, the increases in variability are significant, at the same level. 

These results suggest that in a district of the type studied the area over which an 
instrument gives a reliable estimate of pollution is not very large. The coefficients of 
variation are of the order of 10 per cent at } mile (200 m) and 20 per cent at about 
500 yd or 500 m. In other words, the limits of error are 20 per cent and 40 per cent 
respectively in either direction. The coefficients of variation at these distances do 
not differ appreciably for smoke and sulphur dioxide measurements. It appears 
therefore that to be able to estimate the daily pollution at any point of a mixed area 
with even moderate accuracy, an instrument every 4 mile (0-8 km) would be needed 
(b) The accuracy of pollution estimates using monthly means 

The results so far discussed all refer to the reliability of daily readings. The results 
obtained in the course of routine pollution measurements have been used to assess the 
reliability of monthly means. From among the thirty instruments running in Sheffield 
Six pairs can be selected so that the first member of each pair is } mile (0°8 km) from 
the other. The differences between the members of these pairs give an estimate of the 
coefficient of variation at } mile (0-8 km). The same method was used for sites at 
distances of | mile (1-6 km) and 2 miles (3:2 km) 


Table 2 shows results obtained in this way based on the complete year February 


1958 to January 1959 inclusive. During this period the mean pollution for the 
twenty-eight sites used for these calculations was 36 mg of smoke per 100 m*, and 
9-1 parts of sulphur dioxide per 100 million 


TABLE 2 COEFFICIENTS OF VARIATION OF MONTHLY MEAN VALUES FOR 


SMOKE AND SULPHUR DIOXIDE AT DIFFERENT DISTANCES 


Distance 


between sites 


mile (0-8 km) 
I mile (1-6 kn 


2 miles (3-2 km) 


Discussion. At a distance of 4 mile (0-8 km) the coefficient of variation for smoke 
is more than twice that for sulphur dioxide. This contrasts with the results for daily 
measurements, which showed roughly the same variation for both at shorter distances 
The results in Table | however were obtained from an area which although containing 
a mixture of housing and light industry did not include any sharp change, either of 
elevation or to an area of different type. Results taken from the whole of Sheffield 
are influenced by the tendency for industry to be concentrated in well-defined areas, 
in which large amounts of sulphur dioxide are produced. The distribution of hous- 
ing, responsible for much of the smoke production, is more uniform, and so the effect 
of the grouping of industry into areas is greatest on sulphur dioxide measurements 
At a distance of 4 mile (0-8 km) there is a reasonable chance that if one member of a 
pair is in an industrial area, the other will be also. At a distance of 2 miles (3-2 km) 
this is almost impossible, and at this distance the variation for sulphur dioxide is 
greater than that for smoke 
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The difference between members of a pair of instruments ts of course influenced by 


other factors, notably elevation, since pollution in Sheffield is largely produced in the 
valleys and is more easily dispersed from higher ground. It follows that to obtain the 


most accurate results with a given number of instruments it 1s advisable to place them 


vet} 
Ciose tO 


where sharp changes in elevation or type of district occur, even at the 


expense O 


ng them more widely spaced where conditions are uniform 


THE AVERAGE POLLUTION OF SHEFFIELD 


” pollution of a city we mean in this context the average pollution 
th 


e population is exposed. This point is important, since within the Sheffield 
city boundary, for instance, there are several square miles of open moorland. If the 


| 


sites of si g instruments were evenly spaced over the whole area of the city it 


would be necessary to weight the reading at each site by the population density in the 


ng it 


normal practice of using the arithmetic mean of the results is to be retained 
ust be closer together in areas of high population density in order to give a 
fair picture of pollution as it affects the inhabitants. This method also has the theo 


retical advantage that the estimate has a lower coefficient of variation 


Table 3 shows the error in estimating the average pollution of Sheffield (that is, the 
nts) from the mean of any eight instruments chosen at randon 
Eight was chosen as the number likely to be running under normal circumstances in a 


city the size of Sheffield. It was in fact the number running in Sheffield before the 


1 ol nm instru 


M.R.C. Research Group was set up. (The error of estimate for the 
its may b coefficient of variat e table by 


randon ior instance nig specily 


four above ilt of making 


s clear that a coefficient of variation of the order of 10 per cent or 


ted in estimating the pollution of Shefhield from the mean of eight 


2, 
area 
\-.) In practice, the sampling would not be 29 / 
this restriction shown in the last line of the table 
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Sites; in other words, the difference of the true value from the estimate will be less 
than 20 per cent in either direction, nineteen times out of twenty. There are some 
theoretical objections to using random sampling theory when the values at neighbour- 
ing sites are not completely independent, and the error which could arise from this 
cause would tend to exaggerate the coefficients of variation. However, in the case of 
smoke the maximum variability has already been reached at a distance of 1 mile 
(1-6 km) so the error will be small 

The greater variability in summer is probably due to the greater amount of turbu- 
lence in the atmosphere causing more rapid dispersal of pollution. In winter, when 
dispersal is poor, there 1s more opportunity for mixing to take place, so that pollution 
produced in one part of the city affects results in another 


3. THE SITING OF AIR POLLUTION INSTRUMENTS 


An ideal method of distributing air pollution sampling instruments in a city to get 


the most accurate estimate of the average pollution to which the inhabitants are ex- 
posed would be very laborious, quite apart from the fact that the mathematical 
theory of such sampling has not yet been worked out 

At present the selection of sites in different towns is made on a variety of grounds; 
for this reason no comparison of air pollution figures between towns is very reliable 
If some consistent method of siting instruments were used, then there would be a 
better basis for comparing air pollution statistics, so that their relationship to health 
might be studied more effectively 

The method suggested here, although not ideal, does offer a simple, practicable 
solution to the problem of selecting sites which could be applied in any town 

The method is as follows 

From a map on which the electoral polling districts are outlined, the surface area 
of each district is ascertained by means of a planimeter, in square inches. The 
acreage of each polling district is calculated by dividing the total acreage of an electoral 
ward (which is already known) among its constituent polling districts in proportion to 
the number of square inches of map surface in each as measured by the planimeter 

Using the list of polling districts published by the local authority, the number of 
electors in each is divided by the number of acres, giving a figure of electors per acre 
This serves quite satisfactorily as an index of population density because the ratio of 
electors to total population varies relatively little 

A list of polling districts is next prepared in which they are arranged in descending 
order of population density. In a second column is written the actual number of 
electors, and in a third these are added successively to give cumulative totals of 
electors. From this list the choice is made of the polling districts within which instru- 
ments are to be sited. The method must be modified where only very few instruments 
are available, in order to avoid sampling the extremes of heavy and light pollution, 
but in general, where six or more sets are used, the selection of a site is made by using 
random numbers in the following way 

Using random number tables to the same number of digits as the total number of 
electors, numbers are taken in order as they occur. The polling district with the cumu- 
lative total next above the random number is chosen, and one instrument is to be 
placed in this district unless its boundary touches at any point a polling district already 


chosen. In this case the next random number is used. The actual choice of site will 
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depend on local circumstances, but the neighbourhood of any localized heavy source 
of pollution should be avoided. If for practical reasons no site can be found in the 
polling district chosen, the nearest convenient site should be used, but this must not 
be in a polling district with a greatly different population density; in other words, it 
must lie in a district from the same part of the list 
arises that when there is no suitable site in the chosen district, the 
a similar type of district may fall in a district adjacent to one already 
hence too near another instrument. In such a case a fresh random 
uld be taken 
fication for the choice of sites numbering less than six involves cutting off 
from the top and bottom of the list of polling districts a certain proportion of the 
lation (arbitrarily decided) and making the choice only from the middle range 
s related to population density this is a way of avoiding the very 
ghtly polluted areas without introducing a bias 
nent, the total number of electors is divided by three; the cumula- 
to the figure of one-third of the electors is marked and a line drawn 
the cumulative total nearest to the figure of two-thirds of the electors 
ine drawn below that. From the polling districts between the lines, 
random number as described above. If there is no convenient site 
st may be selected as long as the polling district concerned lies between 
the two lin 
For two instruments the lines are drawn below the polling districts with cumulative 
totals nearest to one-quarter and three-quarters of the total of electors; for three 
instruments the fractions are one-sixth and five-sixths; for four instruments, one 
eighth an ven-eighths; and for five instruments, one-tenth and nine-tenths. The 
fore apply to districts adjacent to those already chosen 
It was mentioned above that the use of eight instruments to assess the average 
pollution of a city gives results within limits of error of about 20 per cent (Table 3) 
Using the mula provided, the figure of six instruments is found to be about 25 per 
cent, but for three is only about 36 per cent, for two 44 per cent, and for one 62 per 
nt (57 per cent for smoke and 68 per cent for sulphur dioxide). The variations 
between cities will 1 han this, so one or two instruments will not give 
reliable information he relative average pollution to which the inhabitants of 
different cities are exposed. However, the method suggested here offers a slight im- 
provement over a purely random choice in that it selects conditions experienced by 
he population in the middle range of population density for each of the 
ver this may be 
siting by this method is not intended to discover the distribu- 
a city, but to determine the average levels to which the 
The larger the number of instruments, the more closely the 


aims will be achieved. It is felt that with the small numbers of 


envisaged the present proposal is fairly realistic and would enable 


vade which are at nt invalid, because of the absence of any 


choice of sites 


population density, it is concerned with the most important aspect 
its impact on the inhabitants. Choosing the districts by random 


that the sampling is in proportion to population, since the ratio of 
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electors population is sufficiently constant for this purpose Avoiding any 
po] 


district which touches one already chosen means that sites will be spread out fairly 

evenly slightly more accurate rule would be to specify a minimum distance 

between sites proportional to the square root of the population density, but as the 

size ol lling districts is on the average related inversely to population density, the 
en here achieves the same result 

hod has the practical advantage that new sites can be added without re- 

hose already in position, as would be necessary with an ideal non-random 

[he application of this method of selecting electoral polling districts for the 

nents 1s shown for Shefheld in Fig. 2 which also shows the sites which 

‘ther grounds for the existing instruments. The method of selecting 

light bias towards choosing districts near the city boundary, 


have an appreciable effect when the number of sites is large 
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sive 


prolonged particle retention can result (TREMER ef a/., 1959). Repeated or exten 


exposure to the irritants present in polluted air may actually result in the destruction 
of the superficial cells so that the underlying layer of generative cells is stimulated to 


multiply with the view of repairing the break in the normal lining. This is ha; 


for two reasons. First, the desquamation of the superficial cells permit 


HOURS OF EXPOSURE TO SYNTHETIC 


tne 


apposition of the precipitated carcinogenic particulates to the basal or ge 


layer of cells where presumably cancerization occurs, and second, repeated cyc 
destruction and multiplication of cells provide a stimulus which, in 
carcinogenic agents, may serve to prepare the area for cancer development 

In urban areas where simultaneous exposure to vehicular exhausts, industt 
effluents, and soot occurs, one may properly anticipate the abnormal retenti 
carcinogenic particulates in the lung where they may remain for sufficiently 
periods for biological effects to occur. These will be described. In those area 


lO 


soot alone represents the primary source of carcinogenic air pollutants, the 
these deposited particulates in the direction of the head with ultimate passage into the 
gastrointestinal tract, one must consider the possibility of a hazard in the alimentary 
tract 

(3) Particle size distribution studies of soot particles from vehicular exhausts show 
that by far the majority of particles reside within the range which is capable of entry 
into the lungs and retention during periods of interference with the flow of the 
mucous stream (DAUTREBANDE @é! , 1957; LANDAHL ef al., 1951). Soots of 
extremely small particle size (10-80 my) may also be retained 

The conditions under which quantitation of 3, 4-benzpyrene in air samples are 
carried out in the laboratory may be very different from those existing in the lung. 
Benzene, commonly used for such extractions, will elute hydrocarbons from particles 
down to 40 mu average diameter while a protein medium will be effective only with 
particles larger than 100 mu. The smaller particles that retain their hydrocarbons 
may also adsorb additional hydrocarbons that have been eluted from larger size 
particles in the immediate neighborhood. Thus, the readsorption of freed benzpyrene 
from the protein medium by small soot particles could be demonstrated. Other 


hydrocarbons present at the same time will, however, influence the degree of such 
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readsorption e presence of fluoranthene in the medium will decrease the 


‘ne due to its preferential adsorption to such particles (Table 1) 


A significant portion of soot particles which have been inhaled and retained in 
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One hundred milligrams of rubber tire dust were placed in contact with | ml 


ol 


plasma and the solution was shaken for 30 min at room temperature. The suspension 


was then centrifuged, the dust removed, and acetone was added to precipitate the 


proteins and extract the polycyclics. The acetone extract was reduced in volume 


under nitrogen and repeatedly extracted with ether. The ether extracts were evapo- 


rated, redissolved in petroleum ether and chromatographed on a column of alumina 


which was slightly deactivated by the addition of 2 per cent water. The chromatogran 


was developed with petroleum ether and all of the compounds eluted were analyzed 


by fluorescence spectroscopy and ultraviolet absorption spectroscopy. As 


the elution of benzpyrene from rubber dust was very rapid (Table 
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been demonstrated to reduce the carcinogenic potency of strong carcinogens 


point of obliterating all carcinogenic potency at times. In our laborator 


demonstrated that ratios of inactive to active 


compounds Varying irom 5) 


resulted in a diminution in potency of the carcinogenic compound (Tal 


other experiment 1 which a weak carcinogen was administered simultaneous 
a potent carcinogen, very frequently the tumor yiel at which 
pated from the weak carcinogen rather than fron 

our studies to show that the simultaneous admu 


chemicals to experimental animals is not critical in thi e inhibitor, be 
carcinogen or a weak carcinogen, can be administered as much as 48 to 9¢ 
the potent carcinogen with complete inhibition of the effect of the latter (( 


1940 HieGer, 1936 HILL ef « 1950 KOTIN ef ¢ 


20 
Cd CC 
(S00 mg) BY HUM ERUM (5 
EMPEF OR EXH VE BENZENE EXTRA or 
B <traction 
Compound g) g 
() ) 
| 
() () 
4 
thene 
No benzp eluted 
VOL. Benzpyrene eluted 
c c potency 
29/60 
954) 
Ula sit 
ntat 
aed 
DC 
ta non- 
RABTREI 
1956; LACASSAGNE ef 


ADELE MILLER 


OR ONE NE 
BENZ PERYLENE 
4-BENZPYRENE 


-BENZPYRENE 


FLUORANTHENE 


ANTHANTHRENE 
PHENANTHRENWE 


HOUR OF SYNTHETIC 
36 HOURS OF NATURAL 


HANS L. FALK, PAuL K Nand 
Tanie 2 ARCINOGE? ACTIV 2. 5,6-DIBENZANTHRACENE BY RELATED 
Inte if Detwee! 
Dose Molar-rat njectior Fumor yi 
& } | hibitior compared t 
tro 
BA* $000 0 0 
‘ AR) ‘ xf 
‘ OO 0 
tv . 4 
(WHY ) ) } 10) 
4 »4 0 
2740 4s 410 
Be cx 
Uihyd ) com 
vo 
145 S FR and FALK 95 WARTM a 950) As yet, a complet 1959/ 
Cale} ia poiuted al and their effective concentratior 
relat present is imp pie prepal nowevel me Cal 
il sa inal DILOT ire present in significant amounts 
WRYSENE 
PYRENE 
SMOG 
" 


atic Polycyclic Hydrocarbons 


The application of the data just described to the problem of carcinog 


of atmospheric pollutants can only be done on a speculative basis at pres 
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The purpose of this paper is threefold 
(1) To present a method for obtaining smooth fluorescent curves directly fron 


paper chromatograms 


(2) To exemplify the limitations inherent in qualitative and quantitative aspects 


of fluorescent analysis 
(3) To present smooth fluorescent curves of hydrocarbons obtained from polluted 
atmospheres compared to hydrocarbons of known composition 
pel 


It should be mentioned that the hydrocarbons discussed represent less than 


cent of the total number of fluorescent compounds isolated from typical polluted 


atmospheres 


INSTRUMENTATION 


Fluorescent analysis of the type herein described requires a monochromator of good 
resolution; a photomultiplier detector; and a linear energy feedback coupled to a 
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irradiation of the sample yet eliminates any visible light originating at the u.v. source 
from reaching the detector. Aqueous solutions of nickel, cobalt and copper salts in 
quartz cells were found to have occasional special application as filters (BOWEN and 
Wokes, 1953). Fig. 1A shows an emission curve for a mercury lamp devoid of the 
phosphor lining; the bands below 290 my are missing because of the low cut-off limit 
of the glass envelope. An emission curve for an identical lamp with phosphor lining 
is shown in Fig. 1B; the increased energy output in the 365 my region is very evident 
The effect of introducing filters is demonstrated in Figs. 1C and 1D 

(1) There ts an overall loss in energy: 

(2) All bands above 390 my have been eliminated with the background energy 

in the visible region being negligible : 
(3) The superior efficiency of the proposed system is clearly indicated 
4 schematic drawing of the mercury lamp housing and sample holder is shown in 

Fig. 2. As indicated in the figure, the irradiating source, sample and monochromator 


entrance aperture are in alignment as found necessary for maximum resolution of the 


fluorescent spectra. Approximately 10 per cent greater efficiency is obtained if light 


scattering through the paper is minimized by subjecting the chromatogram spot to 
considerable pressure (20,000 |b in*) 

In normal operation the spectrophotometer entrance slit is opened only wide enough 
to allow maximum resolution of the principal fluorescent band. The scanning speed 
should be very rapid (median rate: 100 my per 90 sec), limited only by the pen response 
rate, as many fluorescent compounds are light-sensitive. This latter phenomenon will 
be discussed subsequently in greater detail 

The magnitude of background noise is indicated in Figs. 6 and 7, which show several 
typical fluorescent curves as recorded directly on the spectrophotometer. It should be 
noted that all other fluorescent curves shown have had the background noise removed 


as a drafting expediency 


RESULTS AND DISCUSSION 

Qualitative aspects 

Ihe paper chromatograms used for fluorescent measurements were prepared using 
techniques previously reported (THOMAS ef a/., 1957) in addition to newly reported 
techniques involving acetylated paper (Sporswoop, 1959). Several significant 
chromatographic developments, which will be presented in a later publication, were 
used to obtain complete resolution. The amount of material required in a chromato- 
gram spot for fluorescent analysis is of the order of | ~g contained in a circle approxi- 
mately 2 cm in diameter. Sample size will be covered in greater detail under quanti- 
tative aspects 

All qualitative aspects are discussed on the basis of data contained in three figures, 
the curves being referred to by keyed letters. Smooth continuous fluorescent curves of 
hydrocarbons obtained from polluted atmospheres matched with hydrocarbons of 
known composition are shown in Fig. 3. Fluorescent curves of additional hydrocar- 
bons of known composition, whose presence has not been detected in polluted atmo- 
spheres by the fluorescent technique, are shown in Fig. 4. Fluorescent curves of 
hydrocarbons of unknown composition separated from polluted atmospheres are 
shown in Fig. 5. Also shown in these figures are the exact wave-length positions of 


each set of bands which are characteristic of individual compounds 
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[he basic structure of 1,2-benzanthracene was also found by Fieser (1' 
one of the requisites for carcinogenic activity in condensed polynuclear aro 
hydrocarbons. All carcinogenic hydrocarbons analyzed by the proposed tec! 
incorporate this basic structure and exhibit the characteristic curs 


curves B. C. L. M and N Thus a knowledge of fluorescent 


benzantnrocene 


useful in predicting the presence of a polynuclear aromatic hydrocarbon hav 


genic activity even without knowing its identity. For example, in Fig. 5, curves X 


and X-6 are not indicative of carcinogenic activit curves X-2 and X-8 appear to be 


likely Suspects 

A comparison of fluorescent curves obtained from paper chromatogran 
curves obtained from solution, shows a similarity for all compounds tested if the con 
pound under investigation incorporates the basic structure of 1,2-benzanthracene 


This is exemplified for curves B, C, J, L, M and N. The curve for 4-hydroxy-! 
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benzanthracene (K) is an apparent exception because the middle band ts slightly larger, 
but the compound itself is not a pure hydrocarbon. If the compound under investi- 


gation does not incorporate the basic structure of 1,2-benzanthracene there is no 


whose 


arity in many cases. Fluorescent solution curves for pyrene (EB), 


coronene (H), |,12-benzperylene (1) and 1,2-benzpyrene (O) exhibit this dissimilarity 


[he effect of adding a methyl group to the aromatic nucleus is indicated by com- 
paring curve and J; Band N; and D, Qand R. In every case there is a batho- 
chromic s that can be definitely measured. In contrast to ultraviolet absorption 
curves, fluorescent spectroscopy shows a positive differentiation between parent 
hydrocarbon and methyl substituted derivatives 

Although the position of the principal bands of several compounds apparently 

be resolved immediately by comparing Rb values for the 


compounds in question. For example, curves X-2 and X-3 have Rb values of 2-9 
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Above 0-5 ug the curve rapidly falls off 


between 0-01 and 0-5 ug of 3,4-benzpyrene 
to a plateau; for qualitative work, values up to several micrograms may be used. 


rhe lower practical limit is set at 0-1 «wg for several reasons 
(a) Below this limit the distance from peak to pit is very small introducing pos- 


sible errors in measurement. Reprograming the spectrophotometer for the 
smaller values exceeds the recorder range for the upper values thus requiring 


a second standard curve for the very low range: 


Apparent concentratior effect on fluorescent curves 


t is very difficult visually to 


A more important reason is that below 0-1 yg | 


(b) 
detect 3,4-benzpyrene on the paper so that the position of the spot to be 


removed for fluorescent analysis cannot be determined accurately 


Comparable quantitative results were obtained using other hydrocarbons 
quantitative analysis which may be overcome by 


concentra- 


There are several difficulties 
using freshly prepared chromatograms and also by operating below a critica 
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lates collected from urban air. The work was made possible by the participation of 
the Department of National Health and Welfare in two comprehensive investigations 
on with the Research and Development 


of railway tunnel atmospheres, in co-operati 
A detailed report of the gaseous 


the Canadian National Railways 
concentrations found in one of the investigations and an appraisal of 
lth hazards with respect to gases has been presented elsewhere 
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MATERIALS AND INSTRUMENTS 


lso-octane (2,2,4-trimethylpentane) Certified, Enjay Company, Inc 
Cyclohexane, practical, Eastman Kodak Company. 

Benzene, reagent grade, Baker and Adamson 

Alcohol, absolute 

lso-octane and cyclohexane were purified by passing through 2} = 12 in. columns of 
activated silica gel (Davison 28/200). Cyclohexane required the passage through two 
columns in succession to remove traces of benzene structure in spectrograms of 


samples 
Benzene was used without purification. Spectrograms of the residues of evaporated 
benzene samples dissolved in cyclohexane showed small absorptions at short wave- 


lengths in a range which did not interfere seriously with absorption readings for poly- 


nuclear aromatics 
Activated alumina— Type H *’, 100-200 mesh, Peter Spence and Sons, Ltd., 


Widnes, Lancs. Activity was adjusted by drying overnight at 115°C and adding 4 


per cent water to the oven dry weight 
Activated silica gel—Davison, 28-200 mesh, commercial desiccant 


Spectrophotometer, Perkin-Elmer Spectracord, Model 4000, ultraviolet recording 


YTICAL SAMPLES 


Ihe scheduled operation of high volume filters in the St. Clair Tunnel, Sarnia, 


Ontario and in the Mount Royal Tunnel, Montreal, Que., described elsewhere (KATZ 
et al., 1959) afforded oven-dry samples of particulate matter deposited on flash-fired 
fiber glass filters. For the Mount Royal Tunnel sampling schedule a high volume 


sampler was operated concurrently outside the tunnel on the roof of an adjacent ten- 
story building [his furnished reference samples representative of the prevailing 
urban particulate pollution. From the ratios of particulate loadings of the atmo 
spheres inside the tunnel and outside, which were of the order of eight or ten 


may be deduced that the bulk of the particulates collected in the tunnels aros 


the operation of the locomotives 


Measurements were also made on an hourly basis by A.I.S.1. Automatic Sn 


Samplers and the particulate concentrations inside and outside the tunnels 
recorded by evaluation of the optical density of the spots of particulate matter on filter 


tape in terms of Coh units per 1000 linear feet of air. It was found in the Mount Royal 
Tunnel, for example, that, during inactive periods, the smoke concentrations ranged 


from about | to 5 Coh 1000 ft, or only about | Coh unit higher than the range measured 


urban air stations. On the other hand during periods of ac 


at the outside, 
7to4 Coh 1000 ft, dep nding 


train movement the smoke concentrations ranged fron 


upon the location of tunnel sampling stations 


ANALYTICAL PROCEDURI 


Oven drying of particulates from which a benzene soluble organic fraction ts to be 


extracted is, of course, undesirable. COMMINS and LAWTHER (1958) have shown that 


the volatility of 3,4-benzpyrene is appreciable at 100°¢ In the tunnel investigations, 


oven drying was kept to the minimum consistent with reliable weight determinations 


he control 


and the finding of appreciable quantities of a wide variety of aromatics in t 
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no more than traces of the various hydrocarbons which were found with relative ease 
in samples of particulates collected outside the tunnel. Obviously, the ultraviolet 
spectrometry yielded little information with respect to the identity of the heavily 

lhree infrared spectrograms, Figs. 4, 5 and 6, show 


absorbing background material 
marked similarity to a spectrogram for a carbon tetrachloride extract of particulates 
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wry 
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Infrared spectrogram of an elution fraction following coronene 


St. Clair Tunnel particulates 
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dsor, Ontario as described by SHorRE and Katz (1956) 


The similarity 
i for a sample of the whole extract of Windsor particulates and for 


fractions of the extract of Montreal particulates and St. Clair tunnel 


nfrared absorption peaks are probably attributable to 
tuents common to all, most likely the material which is responsible 
of interfering, heavy ultraviolet absorption 
sO pronounced in spectrograms of tunnel material, 
ith particulates collected from outside the tunnel. It 
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hexane was required to remove detectable quantities of material from the colum: 


subsequent elution of more strongly absorbed members of the hydrocarbon 


90-10 mixture of cyclohexane and benzene was used 


[he effect of increasing the polarity-of the eluting solvent is shown in I 


fraction whose spectrogram is shown consisted of of the mixed elutant 


pectrogran oO 
presence l 2-benzpyrene 


rvlene 


was evaporated and made up to 3-9 ml with pure cyc/ohexane > volun 
which intervened between the fractions of Figs. 7 and 8 was 12 m The et 
a small broad peak at about 363 my, not evident in Fig. 7, probably indic: 
ing concentration of 1,12-benzperylene. Peaks at 315 my, 298 my, 288 m 
istic of 3,4-benzpyrene and 1|,2-benzpyrene persist in Fig. 7 with relative proportions 
somewhat changed 
In addition to the compounds identified by the obviously tenuous e\ 
from Figs. 7 and 8, pyrene and coronene were identified with greater certainty 
such as 1,2-benzanthracene and chrysene with less 
Further detailed description of trace indications, such as small shoulders and slight 
inflections in the spectral curves, of other polynuclear hydrocarbons would be tedious 
and would add nothing to the conclusion that the hydrocarbons identifiab 
extract of particulates collected outside the tunnel were present in t 
lates in no more than trace amounts 
Urban particulates 
The aromatic fraction of the benzene extract of particulates collected fr 


outside the tunnel totalled 41 mg, as shown in Table | This total is in real 


of two elution fractions, the first 100 ml of benzene yielding on evaporation 13 
of residue, the second 300 ml of benzene yielding 27-3 mg. The reason for dividing the 


aromatic fraction into two parts was that the initial 100 ml elution was noticeably 
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colored as it left the silica gel column; the following 300 ml were colorless. All the 


polynuclear aromatic hydrocarbons whose identity was established by subsequent 


chromatography on alumina and spectroscopy were found in the initial 13-7 mg frac- 


tion of the aromat The remaining 27-3 mg exhibited after similar examination 


only the heavy featureless ultraviolet absorption referred to previously 
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These observations are described in some detail because they may indicate a promis- 
ing approach to the problem of eliminating the heavily absorbent background material 
from chromatographic fractions intended for spectroscopic examination, detailed 
paper chromatography or gas chromatography. 

The primary purpose of the analysis of particulates collected outside the tunnel was 


to assess the reliability of methods which revealed no more than trace amounts of 


eng 


iItraviolet spectrograms s ng ) 3,4-benzpyrene itographic 


tior 


fraction, (2) reference spectrun 


hydrocarbons in tunnel particulates. If the aim had been to determine the aromatic 
hydrocarbon content of urban air, a more detailed sampling schedule would have been 
organized, and oven drying of the particulates would have been avoided. The results 
were gratifying in that the methods used for tunnel material when applied to outside 
air particulates detected the polynuclear aromatics which are of special interest, some 
of them in amounts permitting quantitative estimation 

Analytical curves for pyrene, fluoranthene, 3,4-benzpyrene and coronene are shown 


in Figs. 9, 10, 11 and 12. Each figure shows also a reference spectrum for a known 


concentration of the hydrocarbon. Curves from which the presence was deduced of 


fluorene, anthracene, |,2-benzanthracene and 1,2-benzpyrene are show! 


Reference curves for these are omitted from the figure Ihe fluorene and anthracene 


tit 


curves are obviously completely inadequate for the purpose of precise identification 
Chey are included to illustrate the generalization that a balance of the relevant variables 
which permits effective resolution on a chromatographic column of some members of 
the hydrocarbon group is unsuited to the satisfactory resolution of others. Fluorene 
and anthracene are identified, therefore, with a limited degree of probability, based 


partly on the spectral characteristics and partly on the position of the fractions in th 


elution sequence. Sufficient detail is evident in the curves designated |,2-benzanthra- 


cene and 1|,2-benzpyrene to establish their identities with a much higher 
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yugh careful examination of both curves would show spectral peaks 
additional hydrocarbons 


Fis ? for coronene are worth detailed remarks. If the activity of 
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hydrocarbons preceding coronene in the elution sequence, coronene is elutable only 
by a considerable volume of an elutant more polar than that used for most of the 
preceding elution fractions. The spectrograms shown are for fractions eluted with 
pure benzene. The similarities of the curves for tunnel material and for outside air 
material are obvious. Comparison of both with the reference curve indicates the 
presence in the analytical samples of other ultraviolet absorbing material, but struc 
tural details coincide well in the three curves. A practical consideration with respect 
to coronene is that, just as the 335 my peak for pyrene serves as an indicator of satis- 
factory column development, the 302 my and 338 my peaks for coronene serve as 
good indicators of the completeness of elution 

The approximate amounts of four polycyclic aromatics in the extract from 478 mg of 
the particulates collected from Montreal urban air sampling station are shown in 
Table 2. The calculations include the measurement of peak heights of all working 
spectrograms which showed well-defined peaks for the hydrocarbons listed, and the 
values shown are, therefore, greater than can be estimated from the peaks shown in 


the spectrograms chosen for reproduction 


TABLE 2 APPROXIMATE AMOUNTS OF POLYCYCLIC AROMATIC HYDROCARBONS 


IN EXTRACT OF 478 mg OF URBAN AIR PARTICULATES 


Approximate Parts per 100,000 by 


Compound amount (g) weight of particulates 


Pyrene 11 
Fluoranthene 19 
3,4-Benzpyrene 


C oronene 6 


DISCUSSION 


The certainty of identifications based on comparisons of analytical spectra with 
published spectra or with reference curves prepared from samples of reasonable purity 
is increased greatly by observation of the elution sequence of the chromatographic 
fractions to which the curves apply. The chromatography of the organic fraction of 
air particulates seems to have been established in England as almost a standard routine ; 
the elution sequence of the group of hydrocarbons is known with precision, and this, 
together with familiarity with the spectral characteristics of the more important 
hydrocarbons, permits identification with a considerable degree of confidence. In 
the absence, therefore, of better quantitative methods for the determination of poly- 
nuclear aromatic hydrocarbons, the qualified acceptance of data such as those reported 
by COMMINS seems to be well justified. It is true that more could be desired with 


respect to sharpness of resolution of the constituent aromatics on the chromatographic 


column; on the other hand, over-refinement of methods which would effect a need- 
lessly exact determination of hydrocarbons which are not potent carcinogens could 
scarcely be justified 

These considerations apply to the methods used to analyze the organic fraction of 
particulates collected from urban air. Their applicability to the same methods when 
used to analyze for trace amounts of aromatics in tunnel particulates is not so ap- 
parent. As shown in the results, only suggestions of characteristic spectral detail 
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it in most of the analytical spectra for tunnel material. The interpretation 
oulders and inflections of the curves was frustrating and inconclusive, but 
e quantities concerned, it is suggested that the elaboration of technique 


necessary to make the curves more intelligible would not be worth 


no more than trace indications of aromatics in the tunnel particulates 
n relation to the circumstances of sample collection, adds cogency to 
hat diesel locomotive emissions contained only very small or inconse 
natics of the kind identified in outside air. Failure to find 
ndicated a possible lack of sensitivity in the methods 
stent with the assumption, confirmed roughly by the 
atmospheres inside and outside the tunnel, that the 
tunnel consisted of about eight or nine parts of diese 
of particulates carried into the tunnel by ventilating ai 
respect to the practicability of operating diesel locomotives in 
e operation does not occasion exposure of railway personne 
ncentrations of carcinogenic hydrocarbons of the kind so far identified 
is substantially in agreement with COMMINS ef a/. (1957) who quot 
idings of a health study of London Transport staff. For the 
available for study up to 1957, RarrL_e found no increase 
e to the occupational environment of London Transport stafi 
gaseous concentrations found in the tunnels with those found in bus 
p to explain the low production of polynuclear aromatics by the 
ATZ et al. (1959) found values for total oxides of nitrogen higher than 
instantaneous samples, although the average values for nitrogen 


dioxide wel the 5 p.p.m. threshold limit of the A.C.G.I.H. COmMINs 


(1957 ind in the bus garages values for nitrogen dixoide which were not only below 


the 5 p.p.m. threshold limit but were of a lower order of magnitude than the concen 
rations found in the railway tunnels. This comparison suggests that the combustion 
process characteristic of the large diesel locomotive cylinders favours greater fixation 


of nitrogen than the combustion in the smaller cylinders of diesel bus motors and. a 


a corollary, that the oxidation of fuel is more nearly complete in the larger cylinders, 
with a consequently lower production of condensed ring hydrocarbons 

Diesel locomotives, apparently, do not produce potentially dangerous quantities of 
a particular group of hydrocarbons. Conclusions with respect to other exhaust 
constituents cannot, however, be drawn m the results discussed here. More de- 


tailed and mi zeneral conclusions are given in the main reports of the tunnel studies 
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to be due to the polycyclic hydrocarbon content present in the organic soluble fraction 
of atmospheric particulate matter. This organic soluble fraction, according to our 
experience, makes up 10 per cent by weight of the total particulates collected (Sumi 
et al., 1959). The question is, how much of this 10 per cent is polycyclic in nature or 
carcinogenic in activity? 

Work on the identification of polycyclics found in air samples has been carried out 


by WepGwoop and Cooper (1954; 1955), Cooper (1954), Linpsey ef al. (1956), 


Commins (1958a; 1958b), Commins ef al. (1957), Kotin (1952), Korin ef al. (1954a 
1954b; 1955), SHoRE and Katz (1956) and others. All these workers used column 
chromatography on alumina, making measurements of the ultra violet absorption of 


the eluates for identification and quantitative estimation 

Recently there has been a trend towards the use of paper chromatography instead 
of column chromatography. Work in this field has been done by TEBBENS ef a/ 
(1956; 1957), THomas (1959), THomas ef a/. (1957a; 1957b), Reuter (1957), REUTER 
et al. (1958), PietzscH (1957) and WIELAND and KRrRAcutT (1957). The paper chromato- 
graphy of * pure’ polycyclic hydrocarbons has been investigated by BERGMANN and 
GRUENWALD (1957), PietzscH (1957), TARBELL ef a/. (1954), Gasparic (1958), 
GASPARIC and VECERA (1958 and Spotswoop (1959). 

Gas chromatography has been applied to the analysis of polycyclic hydrocarbons 
by Dupire (1958), Dupire and BoTQuiIn (1958), DupirE and GRAND’RY (1959), 
HENDRIKS ef al. (1957), SOEMANTRI and WATERMAN (1957) and CARRUTHERS ef al 
(1958). West er al. (1958) analysed a sample of automotive exhaust gas by gas 
chromatography, obtaining nineteen components none of which was identified. 
EGGERSTON and NELSEN (1958) show figures for the analysis of engine exhaust and 
atmospheric samples, by gas chromatography. Their results seem to indicate that 
the only materials present are low molecular weight paraffins and acetylenes. Appar- 
ently no high molecular compounds such as the polycyclics were found. It may be 
worth mentioning at this point that gas chromatography must be carried out at very 
high temperatures to have success with the analysis of polycyclics. 

Each of the three methods of chromatography mentioned has certain advantages 
and disadvantages. To avoid being diffuse, emphasis in this paper will be on paper 
chromatography 


APPARATUS AND MATERIALS 
Paper 
The paper chromatography of polycyclic hydrocarbons requires a special acetylated 

paper. At the beginning we attempted to acetylate ordinary paper with only moderate 
success. As acetylated paper is now available from Carl Schleicher and Schiill, 
Dassel, Kreis Einbeck, Germany, we are using the S. & S. material. This paper is 
sold under the following designations 

2043a completely acetylated 

2043b acetylated 

2045 acetylated 

2095 acetylated 
All these papers are available with three different surfaces, mat (m), glazed (gl), and 


machine finished (mgl). It comes in packages of 100 sheets, 56 x 58 cm. Our experi- 
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which we have found 2043b acetylated 


first three varieties 


Slactory 


easonably stable in amber glass 
nder refrigeration. We prefer to n 
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standard concentration 


npound yn iS a usable dilution, but for different 
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rerated when 


‘ 
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orn bronchial cot 
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Densitometer 


To make quantitative measurements of zones, a recording densitomete 


COT) 


structed, having an ultra violet source, simple slit, and sensing head using a cadmiun 


sulphide cell. This can be used to compare relative fluorescent intensities of spots 


different materials, or to make quantitative measurements of the spot fron 


under the peak 


Recording spectrophotomete 
\ Perkin Elmer Spectracord Model 4000 is use ltra violet 
solutions or of eluates from a spot. It is also used to obtain ultra 


the paper spot directly, avoiding the need for spot elution 


METHOD 


Air samples, being complex mixtures, usually require preliminary extract 
tion and possibly a simple column separation on alumina to make them a1 
paper chromatography. We extract with cyc/ohexane, avoiding the use of 
completing the extraction as quickly as possible. Exposure to light is 
much as possible. Extraction is carried out in 500 ml erlenmeyer flask 


beakers, using magnetic stirring. The air sample extract is added to 


deactivated alumina as recommended COMMINS (1958a 1958b) 


S10 ml volume are taken arbitrarily, and concentrated to small volume 
tion in a stre: of clean nitrogen 
pencil line 1s drawn near the ed 
from the edge 
divided along 1t gth in units of ve as centres for 
samples 
Using a micropipette, standard solutions are app! o the pap 
amounts on the locations marked. Care ts taken to hold the pipette at 
the paper to a id distortion iS aiso taken to Kec 
minimum \ fan, blowing cool air from below as the spot is applied 
It is wise t several standard materials on the sheet together wit! 
of each unknown This latter is necessary since the concentrations of 
unknown sample ts uncertair Thu e larger aliquot (and larger 
solutes) does not separate we the smaller aliquot ay It desirable 
one or two “ tracks ~ on the paper empty, in case a paper blank is requir 
After the spots are completely dry, the iS Supported in the cabinet 
starting line horizontal and downwards, at some distance above the solven 
is loaded with 1800 ml of the solvent mixture chosen, the paper is 
fully into the solvent, positioned evenly, and support m a glass rod w 
steel clips. The depth of immersion and the distance of the start line above 


surface are discussed by PieTzscu (1957) 


Ascending " chromatography is used lusive sin the results obta 


more reproducible than obtainable with iding The chromatog! 
in the dark in a constant temperature roon in topped wher 
front has travelled a distance of 35 cm 

The sheet is now removed and hung in the dark from a glass rod until c 


dry At this point, we now apply identification criteria in the order follow 


ife 


a 
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Determine R, value 
(b) Observe colour of spots under ultra violet illumination 
(c) Observe any colour change on spraying with colour developing reagents. Also 
observe appearance of zones not previously visible 
Determine ultra violet absorption spectra of spots as compared with a paper 
cut from an empty track just above the start line of the same sheet 
ne fluorescence spectra of spots 
ne ultra violet absorption spectra of eluates of separate spots excised 
paper 
neous—There are differences in volatility of spots, densitometric 


separation sequences, and associations of spots, which are diag 


ended to convey the impression that the complete routine above must be 
ta After application of (a), (b) and (c), the identity of some of the 
e known. One will almost certainly be able to distinguish fluoranthene, 
and benzo-fluoranthene from all the other by R, and colour alone (a), (b) 
ation of R, values and colour of spots, selected areas of the sheet may 
ocate “ invisible * zones and to differentiate spots further (Tables | 


venient to run all spots in duplicate, so that when desired a strip | in 


No COLOUR REACTION WITH TETRACHLORPHTHALK ANHYDRIDE 


be cut ou uding one of the “ tracks ° This, when sprayed and 


the adjacent unsprayed duplicate track will indicate the position of 


5.6-dibenzanthracene |.2-benzpyrene, chrysene, fluorene 
be indicated if present. Identification of these sub 
ously mentioned should now be fairly certau (a), (b) 

es no expensive instrumentation 
Any zone, whose identity is still doubtful, may be excised and the ultra violet 
absorpti termined as follows. The spot is cut out with scissors as a rectangle of 
paper perhaps 3 4 in. or somewhat larger. This spot is centred on the cuvette 
holder window and fastened to it by the edges with cellulose tape. The cuvette holder 


s then positior n the usual way with the spot in the sample beam of the spectro 
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photometer. Similarly the paper “ blank ” is positioned in the reference beam. Using 
a hydrogen lamp source, the spectrum is recorded from 550 to 250 mu. We disregard 
the paper graduations, using the chart paper upside down. When prominent peaks 
are found, the wave length position is noted from the monochromator dial, and 
recorded on the paper beside the peak (Fig. 1) 


FiG Ultra violet absorption curves of two dibenzanthracene spot 


With regard to (e), our laboratory does not possess a fluorescence spectrophoto- 
meter. Such an instrument, specially designed by Dr. F. R. Lipsett, was made avail- 
able to us. With this machine, microgram and submicrogram chromatogram spots 


could be readily run. This spectrophotometer has certain advantages over commer- 
TABLE 2. COLOUR REACTION WITH TETRACHLORPHTHALIC ANHYDRIDE 
Material Initial colour Final colour 


Acenaphthene None Yellow 
Terpheny! None Yellow 
m-Terpheny! None Yellow 
Fluorene None Yellow 
Phenanthrene None Yellow 
Pyrene Violet Red violet 
Triphenylene None Yellow 
| .2-Benzanthracene Violet Red violet 
| ,2-Benzpyrene Violet Orange 
6-Methyl chrysene Violet Yellow 
§-Methyl chrysene Violet Yellow 
Chrvsene Violet Bright yellow 
Violet Pink 


Coronene Blue greer Red 


mination wave length 3600 A 


cially available instruments with regard to sensitivity and selectivity, and samples may 


be run in vacuum or at reduced temperatures. Fluorescence emission spectra for 


3,4-benzpyrene and 1,12-benzperylene are shown in Fig. 2. Here one may note that 


the fluorescent patterns are very different, although, as already shown, the ultra violet 


absorption patterns are very similar 
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TaBLe 3. Ry VALUES ON ACETYLATED PAPER S & S 2043b 


Acenaphthene 
Fluorene 
Anthracene 
Phenanthrene 
9-Methylanthracene 
Pyrene 
Fluoranthene 

| .2-Benzanthracene 
| .2-Benzpyrene 
Perylene 

Chrysene 
1,12-Benzperylene 

1 
3,4-Benzpyrene 


Anthanthrene 


DISCUSSION OF RESULTS 
We do not wish to give the impression that the separation and identi 
polycyclic hydrocarbons is now a completely routine matter As previously men 
tioned, in air samples, unknown substances exceed the known by a considerable 
margin. To some extent, of course, this 1s due to the lack of data on standards, which 
could be used to compare with the unknowns. This is a serious situation wl 


bedevils numerous analytical techniques such as X-ray diffraction, ultra violet absorp- 


tion and infra red absorption, to mention some of the techniques which come to 
mind. This awkward gap might be made smaller if systematic efforts were made by 
all concerned to tabulate and distribute such useful data on all pure polycyclics which 
can conceivably be found tn air 

Even among practising chemists it may not always be realized how easy it car 
make the wrong interpretation from data available. Ultra violet absorption 
scopy, as previously applied to air samples was essentially the measurement 
properties of mixtures, not pure substances, since eluate fractions taken from a 
are not, in real life, cleanly separated with respect to the dissolved solutes 
illustrated in Table 4 

From this table it may be seen that a mixture in solution of 3,4-benzpyret 


1,12-benzperylene does not separate on an alumina column. If we apply the analytical! 


TABLE 4 
Materials 


Anthracene 

A nthracene—pyrene omplet« 
Pyrene fluoranthene } None 
Fluoranthene—|,2-benzanthracene Complete 
| .2-Benzanthracene—3,4-benzpyrene Complete 
| .2-Benzanthracene-—| ,2-benzpyrene Complete 
3,4-Benzpyrene—|! ,2-benzpyrene omplete 


omplete 
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0-62 
0:57 
0-52 
0-5] 
0-43 
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method of CoMMINS (1958a; 1958b) to an unknown mixture which might contain these 
two components, there are many opportunities for error. Commins looks for a 
diagnost sak at 403 my. This peak is certainly very characteristic of benzpyrene 
ywwn by benzperylene. However, between 403 mz and 312 my there are 

eaks which are “* common ” to benzpyrene and benzperylene. A mixture 


could be readily diagnosed as consisting only of benzpyrene (Fig. 3), 


IX Peaks were all present. On our spectrophotome 


375 to 200 m Thus there may be a tendency for the 


by the instrument to neglect wave lengths above 3 


void tl all by using plain paper in the instrument and starting to scan at 550 


However, in the region of low concentrations which may occur in extracts from air 
to have equal concentrations of these two polycyclics with the 


iad 


ely absent due to the low concentration (Fig. 4) 


th the evidence of such a pattern we can only hope that the analyst 


and admit the three possibilities, namely (1) benzpyrene, (: 


3) both. He might then, with advantage, run a paper chromatogram 


fuities apply to the u.v. absorption spectra ol chrysene and 6-methy! 
and benzanthracene and fluoranthene (Commins 1958a 
er instances of this kind could be cited 
poor separations achieved by an alumina column make it necessary 
simultaneous equations to determine fluoranthene and benzan 
sence of one another. Referring to Table 4, we see that although 
tend to be incomplete, by contrast separations on paper are sha 
amounts not exceeding the capacity of the paper. For instance, it 
parate 3,4-benzpyrene from |,12-benzperylene, and fluoranthene fron 
acetylated paper. Having achieved such a separation of a1 
xcision and elution of the spot, with subsequent u.v. absorption 
an unequivocal confirmation of identity, which was not possible 
[he identity of fluoranthene would probably be fairly 
analysis of the eluate, since its colour on paper 


the hydrocarbons 
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From what has been said, it should be fairly clear that the identification of poly- 
cyclics is partly, if not largely, a question of separations. Now that good separations 
of individual polycyclics can be achieved, such a separation should always be a part 
of the analysis. Without compelling reasons, instrumental analysis should not be 
attempted on any sample, either solution or paper spot, unless prior separation has 


isolated one component. Instruments can only give back to the analyst as much 


4. Comparative ultra violet absorption spectra of 3,4-benzpyrene and 


1,12-benzperylene in cyclohexane solution 


information as he has built into it through his sample preparation and care spent in 
making careful separations will repay the analyst with data in which he can have 
confidence 

Paper chromatographic separation and identification of standard polycyclics or 
mixtures thereof is relatively easy, since the complexity of the system analysed is 


under the control of the analyst. Air samples are much more complex and preliminary 


separations and elimination of background absorption, is therefore more important 


For such samples, it is often helpful to make a rough and arbitrary fractionation of the 
sample on an alumina column. The separate fractions may be concentrated by 
evaporation under nitrogen, and then each fraction run as a separate track on the 
paper chromatogram. Such a twofold separation of an air sample is shown in Fig. 5 
The complexity of the sample is evident 

After a paper chromatogram has been prepared, the first obvious step is to inspect 
it under ultra violet illumination. The observed colour of individual hydrocarbons 
will depend upon the wave length of the illuminating light. The light must be ade- 
quately filtered so that only ultra violet reaches the chromatogram. In our case, we 
use a second filter, Kodak I8A, over the lamp, which peaks at 3600 A and cuts off 
above 4000 A. Unless the illumination used is of this character, another observer 
might consider the colours somewhat different than those described by us 


Aside from the character of the illuminant, there may be subjective differences in 
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different analysts. We find it hard to accept, however, the 
ven by Gasparic (1958) for pyrene, fluoranthene and 3,4-benzpyrene 
blue The three are distinctly different in colour, and cannot be 


He also finds dibenzanthracene to be vellow 


me extent a relative term. Considering phenanthrene of 
purity, we have been unable a zone containing 20 
ydrocarbon. Quantities larger than this may barely be distinguished 
exceeds the amounts usually run on paper, it 1s possible that other 
phenanthrene for this reason. GaAsparicC (1958) classifies phenar 
SPOTSWOOD (1959) states colour under ultra violet 


KRACHT (1957) indicate no colour, and KRACH1 


> 
bel 
é 


ben zor 


considers it vi K RACHT, and WIELAND and KRACHT, use u.v. lig 
wave length 2540 he exact wave length of light used by GaAsparic and SpoTtswoop 
Is not certa 

As noted by Pietzscu (1957), polycyclic hydrocarbons can be classified in order of 
ntensity of fluorescence, on the paper chromatogram. Fig. 6 is a densitometer 


tracing o g of each of four hydrocarbons on a paper chromatogram. As may 
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be seen, the peak height is much greater for the strongly fluorescing materials 
The actual colour of the fluorescent spot seems also to be related, at least in the case 
of fluoranthene, to the amount of material present. Thus larger amounts of fluoran 


thene are blue white, and smaller amounts yellow green, in our judgment. In this we 


Fic. 7. Paper chromatographic separation of various chrysene preparatior 


seem to be in agreement with KRACHT, who gives two colour shades for fluoranthene 
without comment, blue white and yellow green’ 

Naturally, the colour observed may depend on the purity of the materia Thus 
for example, is chrysene, colourless or deep dark violet’? In our experience 
samples of chrysene from various sources invariably yielded three spots on a paper 
chromatogram. These three spots are all visible under ultra violet light if sufficient 


material is present, although the intensities are different 


Fic. 8. Comparative ultra violet absorption curves for chrysene 


zones 2 and 3 on paper. 


Spot | (highest R,) remains unchanged in colour after spraying, spots 2 and 3 both 


become bright yellow. By recrystallizing “ chrysene " from hot toluene one obtains 


a product which lacks zone 2 on chromatographing. These components of chrysene 
are illustrated in Fig. 7. In brief, by eluting spot 3, a preparation may be obtained 
which yields only one spot on repeated chromatography. The u.v. absorption curves 
for this material match curves in the literature for chrysene (see Fig. 8). From this, 
and other evidence, we have concluded that spot 3 is chrysene, spot 2 is probably a 
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ne, and spot | is another unknown. We think what we have said about 


explain why colours and R, values of a particular hydrocarbon can be 


niusion 


se hydrocarbons must ultimately depend on comparison with pure 


standards that the standards available are usually quite impure is a serious 
hindrance 9 may be seen a chromatogram of three separate samples of 


r chromatogram of three separate samples of 
nzpyrene standard from the same s ipplier 


3,4-benzpyrene a 


eceived from one supplier under the same catalogue number. It 


each sample is somewhat different. Similarly, Fig 


s evident that g. 10, a chromatogram 


of perylene, indicates the impurity of this material 


In Table 3 are shown R, values of microgram amounts of fifteen hydrocarbons 


These values are based on ascending chromatography on acetylated paper using the 


togran perylene standard showing associated impurities, 


methanol—water I1—10—-1. No claim is made for the absolute 


quences are completely reproducible 


can be expected if the values differ 


values, but the separation se 

A reasonable separation 

and sometimes if the R, difference is less. Separations suffer, of 
s overloaded 


th some exceptions The isomers 


some of the isomers in the table do 
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separate well, namely 1,2-benzpyrene—perylene—3,4-benzpyrene, and 1,2-benzanthra- 
cene—chrysene. Separation of |,2-benzanthracene and 1,2-benzpyrene is good, al- 
though the R, difference shown is only 0-02 units. All hydrocarbons were run many 


times with the system described before entering in this table. Other hydrocarbons 


investigated but not included in this table were coronene, 3,4-9,10-dibenzpyren 


3,4-benzofluoranthene, 3-methylcholanthrene and  7,12-dimethylbenzanthracene 


With further work it is hoped to fit these into the tabulation as well 

On occasion, the isomers anthracene—phenanthrene may not separate comp 
Clearly separated spots are illustrated by the paper spot spectra shown in Fig 
spot where separation is incomplete is shown in Fig. 12. Assuming such a 


spot is visible under ultra violet light, it may consist of anthracene, or anthracen 


phenanthrene. I[t will not be phenanthrene alone. If, on spraying with tetrac 


Fic. 11 Ultra v olet absorption spectra G. 12 Ultra violet absorptior 


on paper of separate spots of anthra- On paper Of a mixed spot co 


cene and phenanthrene, both anthracene and pher 


thalic anhydride, the spot remains unchanged in colour, phenanthrene is absent, and 


the spot consists only of anthracene. A spot which contains both components will 


change colour to yellow on spraying 
A spot which may consist of both pyrene and fluoranthene can be interpreted to 


some extent by comparison with spots ol the two separate pure components since 


these two substances are very different in colour it is not too difficult to decide whether 
As the fluorescence intensity of fluoranthene 


both are present in one spot 
greater than that of pyrene, mixed spots are more likely to resemble fluorant! 
appearance, than pyrene As both pyrene and fluoranthene are common! 
countered in air samples, the need for a good separation of these two is obvious 

We have found it difficult to reproduce R, values on acetylated paper. This ts ¢ 


least partly due to differences in the behaviour of the paper from sheet to sheet 


Admitting this, and even allowing for certain differences in paper and procedure fron 


one laboratory to another. we believe BERGMANN and GRUENWALD (1957) to be 
value of 0 to chrysene. In our experience chrysene 


correct in assigning an R, 
values between 0-2 and 0-3, with noth 


any associated impurities, have R 


the start line 
Since the R, values we originally obtained seemed quite variable, we also calculated 
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1957) for each hydrocarbon in 
We found, in fact, 


values were more 


values (WIELAND and KRACHT, 
hese latter values might prove more reproducible 


od of time and after many determinations, that R 


Rp values. This, we think, from our experience is related to the 
riability of the R, value of 3,4-benzpyrene, which is the denominator 
the R, value of 3,4-benzpyrene is one of the smallest 

measurable with the same degree of accuracy as the R 

rexample. We would like to suggest that an “* Rp,” value based on 
luoranthene might be worth investigating. We suggest fluoranthene 
is fairly large, the compound seems fairly stable, the colour is dis 


reproducibility of R, values has always been good in our experience 


of identifications and quantitative estimations of polycyclic standards, 


lated from air samples is affected by many factors including, in the 


breakdown during extraction, and incomplete extraction. Oxi 
all have adverse effects on the micro 


quantitative figures in the literatur 


a paper chromatogram are 
ade with time. Spots will also 


surface such as a paper sheet 


volatility o 
Anthra 


It is, however 


13 illustrates the 

re to ordinary laboratory conditions 
actors in this regard 

paper by keeping spots of particular 

Spots handled in this way 
ilthoug! 

it might 


a factor and a 
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ultra violet absorption of paper spots and eluates of paper spots are useful. If suitable 


equipment is available, fluorescence spectra of the paper spots can be obtained. These 


are more definitive than the u.v. spectra obtained from the same spot. Identification 


must be based on as many criteria as possible, at least four of those mentioned 
Supplies of pure standards are urgently needed. Exhaustive compilation of data for 


identification based on pure standards is essential 


icknowledgement—The authors wish to thank B. T. Commins, B. L. vAN DuurReN, R. A. FRIEDEL, 
M. S. NEWMAN and TH. WIELAND for gifts of polycyclic hydrocarbons. Thanks are also due to 
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Abstract 4 novel approach to the analyses of poly 

On the basis of this approach a nev imple, sensitive a S| test lor Denz 
developed Inat ure of fifty compounds containing b ’ iphthalene 

threne. benz/alanthracene, benzol: phenanthrene, chrysen henzolk lluorar 
zo le jpyrene, pery le, ben peryiene, anthanthrene ronene, 
identified unequivocally The ultraviolet-visible, act 1 


large number of polynuclear hydrocarbons are presented 


hydrocarbons are compared Some inthanthrer 


intensity, whicl mplihes their detection in a mixture The se 


are of the order of mill , rams per milliliter, or parts per 


activation spectra itane and sulfuric acid of different hydroca 


a given hy cal an de Gd n n the preset 
ture In mat wes it IS sib 
hvdrocarbor 

of benzola |pyrer i vi vers ery ) ‘ inthret an be detected readil 
mixture son y hydrocarbor Naphtho[2 3-a |pyrene can 
mixture of filty polynuciea! rocarbdons Many other possibilities are apparent fror 


tion of the act 5 tra € ydrocarbons Ihe quenching effect of a fair higt 


} 
miscellaneous fluorometric 


carbons 1s also discussed 


SIMPLE, specific and sensitive methods for the detection and determination 

nuclear hydrocarbons can be of great value in properly evaluating the human 
vironment, especially since some of these hydrocarbons are thought to be carcinogenic 
agents (HADDOW and Kon, 1947). Recently several general methods have beet 
developed for the analysis of polynuclear compounds (SAWIcK!I and Barry, 1959; 
SAwWICKI et a/l., 1958a: Sawicki et a/l., 1958b). Although these general methods are 
fairly sensitive, their specificity for the determination of any one particular hydro- 
carbon in a mixture is very poor. The principal method of analysis for polynuclear 
hydrocarbons in air particulates, tobacco smoke, tar, etc., has consisted of chroma- 
tography followed by ultraviolet (Cooper, 1954; Koe and ZecHMelsTer, 1952 


KorTIn ef ai., 1954) or fluorescent spectral analysis (WALLER, 1952). 


* Presented before the Amer in Chemical Societ u n Symposiut 36th National 
Meeting, Atlantic City, NJ r 1959 
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can be dete d Dy measuring the height of a peak e formed by 
acrawing a DCT een two detir te wavelengths on either side tne peak IT he Dcak 
neignts | yeyclic hydrocarbor i! easured and co pared Vill tr 
obtained | itn containing Known amounts of pure hydrocarbon (Casa 
OOP! 4) I he presence Of other che cals containing a band to 
the peak of drocarbon being analyzed interferes with the accuracy of this method 
For the ident it of a hydrocarbon, ti ndividual fractions ar isually 
cn atograpnhed iny to ODtain a fairly pure sample which can then be ident 
and pract i p Die if Only a small a t of Sample ivallaDdk 
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4 Cary recording quartz spectrophotometer, Model 11, was used for absorption 
wavelength determinations; an Aminco—Bowman spectrophotofluorometer was used 
for the determination of activation and fluorescence spectra. One centimetet 


were used throughout the study. Thermo-Vac ovens (Schaar and Company, ¢ 


34, Illinois) were used for evaporation of pentane solutions at room temperat 


the dark under a vacuum 
Procedure 

Fluorescence spectra are reported at the most ense activating wavel 
compound, activation spectra at the most intense fluorescence wavelet 
spectra have been determined in pure pentane unless otherwise stated. The 
settings were used in the spectrophotofluorometer itivity was set at 
arrangement No. 2 (where the narrowest slit width is 1 32 in.) and phototut 
Type 1P21 (see American Instrument Co., Instructions Manual No. 656) wer 
The maximum sensitivity of the phototube occurs at 500 n Many slit arrar 
are possible with this instrument. Those involving smaller slit widths giv 
resolution. With larger slit widths, the sensitivity is greater, but so is the bac 
noise. Hence, for analytical work, the analyst 1 nise to obtai 
suitable combination for his particular procedurt n all fluorometric 
activation and fluorescence wavelengths and intensities obtained on the 
should be checked daily with a standard solutios our laboratory we 
| «g/ml solution of quinine in 0-IN sulfuric acid and a 10 ®M soluti 


pyrene in pentane as standards 


DISCUSSION 


Pentane is probably tl ei \ the ani al investigation 
containing polynuclear hydrocarbons » fu ns specially 
chromatography and ultra\ 
advantages of pentane are 

a) it is easily purified 
(b) dissol 


exacvyclic 


addition 
natographic 
easily and quickly evaporated al 
a minimum of decomposition an 
a low ultraviolet cutoff, and 
(f) has a very low bi in fluorescence 
The ultraviolet-visible absor n spectra 
carbons have | 1 determined (Table 1) h llection hi 
peaks of any one hydrocarbon are ; é the sal position 
mixture or of a pure solution (| 
of these peaks, aromatic hydrocarbons can be t 
even be estimated amples appear later in the 
Fig. | shows > activ spectrum of 
spectrophotofluorometer, : the absorption 
spectrophotomete! activation spectrun 


tion spectrum, although the relative intensity « peaks in any one 
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TABLE | ULTRAVIOLET ABSORPTION SPECTRA OF POL‘ 


HYDROCARBONS IN PENTANE (continued) 


Fluoranthene 1-Methylpyrene 


NUCLEAR 

4-Methylpyret 
14-6 23] 44-0 234 48-0 233 47-0 
235 57.4 2378 <7.% 44 100-0 24) RR 
2438S 240 R9-¢ 254 19-0 254 4-0 
24858 15-8 64 64 8-0 
2§2 6-0 59-0 274 51-0 
25% 12.9 14-0 294 6U 
262 14-8 293 4-4 107 16-0 107 14-0 
2648 1O- 305 11-2 32 22-0 321 32-0 
271 13-0 +18 10-0 3398 Ss) 3328 6-0 
27¢ 26:5 3308S 77-8 335 54-0 
28 20-0 334 54-8 ()-58 0-59 
2k SO-8 ()-48 149 0-31 358 0-37 
34 344 164 ()-3 163 ()-33 
323 6:44 361 0-33 369 0-21 372 0-19 
44) 0-20 373 (0-25 
6-4 +7] 0-13 
2.7% 

VOL. H-benzofa 11 H-Benzof/ H-Benzo[c]fluoren Be 
2 nuorene fluorene tnrace 
29/60 

2225 24-4 2208S 33-0 222 47-0 
2258S 270 2405S 43-0 
ik 20-0 | 4 2425 28-0 
244 4-4 245 250 262 6:5 250S 39-0 
SR) 254 268 4 255 40-0 
414-0 263 3-0 2778 4 47-0 
262 273 14-8 290S 83-0 
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LILTRAVIOLET ABSORPTION SPECTRA OF POLYNUCLEAR 


HYDROCARBONS IN PENTANE (continued) 


Triphenylene §,12-Dihydro 


tetracene 
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HYDROCARBONS IN PENTANE (continued) 


Perylene 3-Methyl- |chrysene Dibenz|a 
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TABLE | LTRAVIOLET ABSORPTION SPE 
HYDROCARBONS IN PENTANE (¢ 


Benzo|g,/ Naphtho[! 
perylene thianaphthene 


10 


Shoulder 
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pentane 
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For most of the other hydrocarbons discussed in this paper the sensitivity 


of milligamma per milliliter or parts per billion in pentane 


Related to sensitivity is the fluorescence intensity of a compound as ¢ 
some standard. GREENGARD (1958) has suggested the probable utility of 


of fluorescence which would relate the concentrations of compound 


ompared to 


a coefficient 


cence intensity under defined conditions. Such values could prove useful i 


work For dilute solutions (where the concentration effect is negligible 


rescence intensity of a compound (/,) is related to tl oncentration (C,) ; 


If the reference standard is 


aqueous sulfuric acid, then 


where F. is the fluorescence intensity of the 
most intense activating wavelength of quinine 
is 350 mu while the fluorescence intensity is 


Dividing equation (1) by equation (2) yields 


K 


whence 


W hen 


where C, 1s now the concentratior compound 


at sufficiently low concentrat 


fluorescence intensity of a compound comp: 
constant is the concentration of a compound, 
cence intensity as | neg 
are arbitrary constants, but 
The Kg val various 
fluorescence intensities 
(FURST 7) 
However. Ta 2 lists eight 
An extremely important 
This 1s a physical phenomenot 
energy in a molecule tn the exc 
in a decreased Ky value. The 
place, and the fewer molecul 
compound being analyzed is pr 
decrease and in more concentra 
change drasticall) This phenon is shown for 
dimethylformamide (Fig. 2). The same phenomenon 


the effect is not as drastic 
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The concentration effect can adversely affect the analysis of a hydrocarbon in a 
mixture. Excess hydrocarbon molecules of any type will radically decrease this 
fluorescence intensity. For example, the analysis for benzo[e]pyrene in a mixture 


o* 
MOLARITY OF BENZO lo) PYRENE 


The effect of increasing concentration of benzo[a]pyrene in dimethylformamide 


fluorescence intensity. Activating wavelength 381 my 


containing increasing amounts of benzo[a]pyrene is shown in Fig. 3. The Kg value 
is decreased, and the contour of the fluorescence spectrum is drastically altered. For 
the fluorometric analysis of a compound in a mixture, it is recommended that the 
concentration of the mixture be kept constant and low. 


45 
»,mp 


Fic. 3. Concentration effect on the determination of benzo[e}]pyrene in the presence of be 


rene. All solutions in sulfuric acid 10°°M in benzol[e]pyrene ivating wavelength 36: 


5 


M or lower concentrations of benzo[a]pyrene 10-* benzo[a]pyrene 


M benzo[a]pyrene 


The activation and fluorescence spectral data in Tables 3 and 4 are invaluable in the 
analysis for an individual polynuclear hydrocarbon in a mixture of aromatic hydro- 
carbons. For example, it is apparent that, in a mixture of benzo[a]pyrene and 
benzo[e]pyrene, both hydrocarbons can be readily determined either in pentane or in 
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pentane, benzo[e]pyrene will be determined at an activating wave 
ength of 315 while benzo[a]pyrene will be determined near 380 m In sulfuric 
acid, b rene be determined at activating wavelength 302 or 
e benzo[a]pyrene can be determined at 470, 493 or 525 my 


; whl 
pyrene and benzo[e]pyrene are difficult to separate chromatographically, this 


d prove to be of value 
lene are usually found together and are hard to separate 


ne and per 
it is apparent that benzo[a]pyrene can 


However, from Table 
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iting wavelength 295 


clearly demonstrates this prediction 
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rhe fluorometric method depended on obtaining the fluorescence spectrum of an 


aromatic mixture in some inert solvent at an arbitrary activating wavelength or range 
of wavelengths, and then by comparison of this spectrum with a benzo[a]pyrene 
spectrum crudely estimating the amount present. In this method the background 


fluorescence is high As benzo[k]fluoranthene has a fluorescence spectrum very 


w 


METER READING 


8 


of benzo[a 
anthracene have two to three 
tical results could only 
nethod depends on analyzing 
many hydrocarbons have band 
thracene, benz[ajanthracene, 7,12-dimethylbenz[a ene, lcarbazole 
benzo[& |fluoranthene, 
benzo|c|chrysene, indeno[1,2,3-d]pyrene, benzo 
[2,3-a]pyrene and benzo[g,h,i}perylene. So here again, unless all the cor 
have peaks near 382 my a! tified in the mixture, analysis at this band 
an estimation 
\ simple, specific and sensitive method 
mixtures is not available in t literature 
promise. The activation and fluorescence spectra 
(Fig. 6) are an integral par this procedure ie Stability of a benz 
solution in sulfuric acid under ordinary room conditions and under illun 
depicted in Fig. 7. Standing at room temperature near a window, the benz 
solution is stable for 30 mi under steady illumination the intensity decreases 
rapidly. The specificity and the sensitivity of the method are of a high order. As can 
be seen from Table 4, benzo[a]pyrene is one of the few hydrocarbons that has an 
activating wavelength at 520 my» in sulfuric acid. Anthanthrene does have an acti- 


vating peak at 512 my, but it has one-fiftieth of the intensity of the benzo[a]pyrene 
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When the fluorescence spectra in sulfuric acid of the different hydrocarbons are 
red, benzo[a]pyrene is the only one that has a band near 545 mp. Anthan- 

ne does have a band at 582 my, but the benzo[a]pyrene band is approximate! 
ense. The other activating wavelengths of benzo[a]pyrene can be used 


ysis depending upon the kind of other compounds present in the mixture. 


The 
fr 


fure containing some poivnuciéar aromati 


(Fig. 8) tually 0-04 ug of benzo[a]pyrene can be detected in | ml of the 


acid solution containing 5Oug of mixture B 
Detection lalpyre ne in a mixture 
For the unequivocal identification of benzo[a]pyrene in a mixture the foll 


procedure is recommended 
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(a) The mixture is extracted with benzene for 4 hr in a Soxhlet extraction apparatus. 

(b) The benzene is evaporated under a vacuum at room temperature 

(c) The residue and container are weighed; then the residue is dissolved in a 
definite volume of chloroform. 


INTENSITY 


F LUORESCENCE 


500 550 
a», mp 


Fic. 8 Fluorescence spectra at activating wavelength 520 my in sulfuric acid 


(see Experimental)—each hydrocarbon 10°*M same solution plus 5 x 10~’ benzo[a]p 


(d) The container is reweighed; the weight of residue in the chloroform is calcu- 
lated 

(e) An aliquot of this solution is added to a test tube. The chloroform is evaporated 
at room temperature 
Concentrated sulfuric acid is added to the residue to make the final concentra- 
tion 50 yg of residue per | ml of sulfuric acid 
rhe activation spectrum of benzo[a]pyrene is obtained in the spectrophoto- 
fluorometer at a fluorescence wavelength of 545 my (Fig. 6) if 0-1 per cent of 
the hydrocarbon is present in the organic sample 
At the activating wavelengths of 470 and 520 my, a fluorescence wavelength 
maximum near 540-550 my is obtained if 1 per cent benzo[a]pyrene is present 
in the organic fraction. For lower concentrations of benzo[a]pyrene, the 
fluorescence wavelength maximum obtained at activating wavelengths of 47( 
and 520 my is below 540 my and above 550 my, respectively. 

For the definite identification of benzo[a]pyrene in a mixture the criteria in (g) and 

(h) must be fulfilled. 


APPLICATIONS 


The low intensity long wavelength bands found in the visible spectrum of a poly- 
nuclear hydrocarbon are sometimes questionable. The issue then is whether these 
bands are due to the hydrocarbon or to an impurity. Usually the impurity is another 
polynuclear hydrocarbon. A pure hydrocarbon should give a closely similar fluores- 
cence spectrum at all activating wavelengths. If a different fluorescence spectrum Is 
obtained at the low intensity long wavelength visible band, then this band ts due to an 
impurity. Clues to the identity of the impurity can then be obtained by comparing 
the activation and fluorescence spectra of the impurity with standards 


Use has been made of this phenomenon to detect and determine fluorescent im- 


purities in hydrocarbon standards. Several commercial samples of benzo[e]pyrene 
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analyzed for benzo[a]pyrene and perylene by the ultraviolet visible and fluores- 


ocedure The identification of perylene was based on 


of the 406, 428 and 434 bands in the visible absorption spectrum 


408 and 430 bands in the activation spectrum, and 
, 464 and 497 bands in the fluorescence spectrum 
a|pyrene was based on 
379 and 382 absorption peaks in pentane, 
427 and 454 fluorescence peaks in pentane, and 
548 my fluorescence peak in sulfuric acid 
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SYMPOSIUM ON POLYCYCLI HYDROCARBON 


THE DETECTION AND DETERMINATION OI! 
POLYNUCLEAR HYDROCARBONS IN 
URBAN AIRBORNE PARTICULATES—I 


THE BENZOPYRENE FRACTION 


Abstract 


THE effect on human beings of carcinogens prese 1} the environment 

cult to evaluate due to the lack of simple, specific, sensitive methods for tl 

and determination of these chemicals. Many polynuclear compounds are 

be carcinogenic (HARTWELL, 1951; HAppow and Kon, 1947) 

benzo[a]pyrene (hereafter named BaP) has been investigated 

has been found in cigarette smoke, tars, in various combustio1 

air. All analytical work in this field has been bedeviled by the lack 

live procedure for the determination of BaP In this papel such a method ts 
As further knowledge is obtained about the number and complexity 


compounds present in air particulates, it is apparent that identification « 


by the presence of one or two ultraviolet bands in a chromatographed 


unequivocal 
\ simple, analytical met! odology for the characterization of 
carbons in chromatographed air particulate fractions is necessary as a ¢ 
further study and development in this field n attempt has therefore beer 
itemize the evidence for the identification of polynuclear hydrocarbons in the 
tographed fractions 


EQUIPMENT AND MATERIALS 
[he absorption spectra were determined with a Cary recording spectrophotometer 
Model II Activation and fluorescence ectra were obtained with an Aminco 
Bowman spectrophotofluorometer A Technicon time—flow fraction collector was 
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used in the column chromatographic work. The glass column used for the chromato- 
graphic work was 4 in. in diameter and 15 in. long with a drain at one end and a ground 
glass joint at the other. This joint permits connection to a liquid reservoir without 
contamination. Thermo-Vac ovens (Schaar and Company, Chicago 34, Ill.) were 
used for evaporation of pentane solutions at room temperature in the dark under a 
Pentane was distilled before use 
natographic work, Merck acid-washed aluminum oxide was washed 
, and heated in an oven at 130°C for 30 hr. Then 1-4 per cent water 
the alumina. The mixture was then allowed to equilibrate for at least 
n a stoppered bottle. The alumina then contained 13-4 per cent water (as deter- 
mined by weighing a sample and then heating to red-hot heat for 10 min, cooling in a 
desiccator, and reweighing). This alumina is excellent for separating the benzopyrene 
fraction. By the benzopyrene fraction is meant the chromatographic cut which 
contains all the benzo[a]pyrene and benzol[e}pyrene and any other compounds which 
have essentially the same Rp value on the column. When the percentage of water in 
the alumina is gradually decreased, the benzopyrene fraction is more slowly eluted and 
more cleanly separated from the benzoperylene fraction. The ideal situation is to 
adjust the water to have the peak amount of BaP come out in a tube at around 
150-250 ml of elu 
Davison silica gel, mesh size 100-200, was washed with ether, dried and heated at 
130° for | hr and then stored in a glass-stoppered bottle 
Benzene extracts of air particulate samples from nine American citie 
obtained by the National Air Sampling Network of the U.S. Public Health Service 
Aromatic fractions (TABOR ef a/., 1958) of these air particulate samples are being 
routinely separated by the National Air Sampling Network for a carcinogenicity 


study 


CHROMATOGRAPHIC PROCEDURI 


[he following procedure is essentially a modification of the method of FALK and 
STEINER (1952). One gram of alumina was added to a small volume of chloroform 
solution containing 50-150 mg of the benzene-soluble fraction or 10-50 mg of the 
aromatic fraction. The chloroform was evaporated. This mixture was then added to 


the column which consisted of a lower layer of 9 g of alumina and an upper layer of 


0-5 g silica gel. The column was then eluted with 100 ml of pentane containing 6 per 


cent ether, followed by 250 ml of pentane containing 8 per cent ether. During this 
operation the column was protected from the light. Fractions of approximately 
10-20 ml were collected. They were then evaporated in a vacuum oven at room 


temperature in the dark 


CHARACTERIZATION OF THE HYDROCARBONS IN THI 
BENZOPYRENE FRACTION 

Ihe chromatographic procedure described is ideal for the isolation of the benzo- 
pyrene fractions. A typical fraction of this type is shown in Fig. |. A simular spectral 
yy I 
curve has been obtained for every city so far studied. It would thus appear that the 
proportion of the major hydrocarbons in the benzopyrene fractions ts fairly constant 
from city to cit The approximate proportions of BaP, benzole|pyrene, benzo[k }- 
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fluoranthene and perylene are 8:5:3:1. These results merit further investigation 
The presence of a sharp peak at 331 my in Fig. 2 indicates the presence of benzof[e 

pyrene. In fact, comparison of part of the ultraviolet absorption spectrum of a 
benzopyrene fraction with a comparable spectrum of benzol[e]pyrene even more 


BENZOCoJ PYRENE 
FRACTION 


ABSORBANCE 


250 


Fic. 1. Ultraviolet absorption spectra of the benzopyrene fractior 


strongly suggests the presence of the latter hydrocarbon (Fig. 2). The clear-cut 
characterization of benzo[e}pyrene in the benzopyrene fraction is evident from the 
fluorometric data in Fig. 3. The fluorescence data in sulfuric acid are especially 


convincing. In spite of the complexity of this benzopyrene fraction, a pure fluores- 
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2. Ultraviolet absorption spectra in pentane 
benzopyrene fraction; ---- pure benzo{e}pyrene. 
cence spectrum of benzo[e]}pyrene in sulfuric acid is obtained. The use of appropriate 
activation and fluorescence wavelength maxima to detect hydrocarbons in extremely 
complicated mixtures has been discussed in a previous paper (SAWICKI ef a/., 1960) 
Evidence for the characterization of benzo[e]pyrene is summarized in Table | 
The bands at 428 and 434 mu and the shoulder at 407 my in the visible spectrum of 
the benzopyrene fraction (Fig. 1) are attributed to perylene. A solution of the benzo- 


275 
20 
| 
4 
4 326 | 345 363 
4 A407 aya 
A 428 
= 300 350 
pentane 
VOL. 
299/60 \ 
| 
| 
\ 331 
\si6 
inl 
OSir vi 
¥ | 
j \ i\ 
= J i oN 


R. Hauser and I Fox 


characterization of benzo[k Jfluoranthene in the benzopyrene 


» obtain. Activation spectra of the benzopyrene fraction obtained 


and a somewhat less inter 


nainder of the bands are what would be expect 
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pyrene fraction in pentane gave a fluorescence spectrum identical to that of perylene 
(Fig 4 
fraction is Gifficu]t 
| ENCE FOR PRESENCE F BENZ PYRENE IN BENZOPYRENE FR 
Solvent 
Fraction Be pyrene 
et spect Pentane 288. 27 331. 
Act tri Pentane 399. 290 329. 315. 290 
Ac H.SO, 497 4i( 193 4M 
at fluorescence wavelengths 403, 428 and 457 my show the presence of an intense 
band at 400 ipparently due to benzo[A Jfluoranthenc) 
band at 380 my (due to BaP). The 
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fluorescenc pectrum Ciosely Sil ar to that of BaP or benzo[k |fluoranthens Activa 
tion at 400 gives the more intense fluorescence gaa This fact indicates tl 
To check t cnaracterization of these hydrocarbons, a synthetic mixture containing 
250 y BaP, 100 y benzo[k ]fluoranthene, ki y benzo[e}pyrene, and 50 y of perylene wa 
chromatographed by the ste (using alumina containing 2-8 per cent 
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FiG. 4. Fluorescence spectra in pentane at activating wavelength 430 m, 
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The entire mixture was found in two tubes. If allowances were made for the 


water) 
background absorption in the air sample, the absorption spectrum of the synthetic 


n was closely similar to the benzopyrene fraction as obtained from air particu- 


lates (1 
f the ultraviolet spectra of the benzopyrene fraction and BaP (Fig. 6) 


BaP in the fraction This belief is confirmed by a visible 


w 


ABSORBANCE 


iuorescence wave 


of the benzopyrene fraction and BaP in trifluoracetic acid 
ric acid (Fig. 7). In this solvent most of the BaP forms a cation 
isible, while the other hydrocarbons are too weakly basic to form a 
sorb only slightly in the visible. An activation spectral comparison 
nd BaP further substantiates the identification of BaP in the fracti 


nplete data on the characterization of benzo[a]pyrene are summarized 
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RMINATION OF BENZO[a]PYRENE IN COMPLEX MIXTURES 


f BaP in the chromatographic fractions 
ach tube was dissolved in exactly 3 ml of pentane and the solut 
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BaP contained in a 3-ml cell of | cm width gives an absorbance of 1-00 at 382 my, the 
micrograms of benzo[a]pyrene in each fraction can be determined. The amounts of 
benzo[k |fluoranthene (analyzed at A max 400 my) and perylene (analyzed at A max 
434 mu) must be determined so that their contribution to the 382 mu band can be 
subtracted. Similarly if any other hydrocarbons are present, their contribution must 
be subtracted. As a check, the base line method of Cooper (1954) was also used. At 
the most, the authors consider these methods good estimations 
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ro 2-0 30 
mT 
Fic. 9. MT (e.g. microphotometer meter reading multiplied by meter multiplier 
BaP in 1 g of aromatic fraction. Concentration of aromatic fraction is 50 yg/n 
The standard solution consists of a 5 x 10-*M concentration in sulfuric acid of ea 


compounds as listed in the experimental sectior 


Determination of BaP in the aromatic fraction 

(a) The standard solution. This mixture consists of the following compounds 
(each 5 = 10-*M in pentane): benzene, toluene, xylene, durene, diphenylmethane 
mesitylene, biphenyl, o-terphenyl, m-terphenyl, p-terphenyl, p-quaterphenyl, pheny! 
ether, phenyl sulfide, naphthalene, fluorene, 2-methylfluorene, 2-ethylfluorene, 
dibenzofuran, dibenzothiophene, 9,9’-difluorenyl, anthracene, 9-methylanthracene, 
phenanthrene, 2-methylphenanthrene, 3-methylphenanthrene, 9, 10-dimethylbenz([a]- 
anthracene, acenaphthene, fluoranthene, triphenylene, 4-cyclopenta|[d,e,f |phenan- 
threne, 11 H-benzo[a]fluorene, 11 H-benzo[d]fluorene, 7H-benzo[c ]fluorene, chrysene, 
pyrene, l-methylpyrene, 4-methylpyrene, benz[a]anthracene, 3-methylcholanthrene, 
benzo[e}pyrene, dibenz[a,h]anthracene, benzo[4}fluoranthene, benzo[k }fluoranthene, 
picene, benzo[c]phenanthrene, benzo[g,h,i)perylene, perylene, anthanthrene, and 
coronene. The sulfuric acid solution was prepared by evaporating an appropriate 
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absorbance by unknown compounds at the analysis peak, etc.), all known methods are. 
at best, good estimations. The new method has fewer variables, is much simpler and 
involves little time. Benzo[g,h,i|perylene, which can interfere drastically in the 
ultraviolet methods for the determination of BaP, and benzo[k }fluoranthene which 
seriously interferes with the usual fluorometric methods of analysis for BaP, have no 


unfavorable effect in the new procedure. Two disadvantages exist—one, that very 


low concentrations of BaP can be only crudely estimated, as in the Los Angeles aro- 


matic fraction, and two, that instrumental reproducibility of the spectrophoto- 


Fic. 10. Ultraviolet-visible absorption spectra in pentane of some benzopyrene chron 
subfractions of the benzene-soluble fractions of air particulates from five cities All part 
samples were collected in November 1958 Each benzene-soluble fraction weighed 150 

1! 


The chromatographic subfraction was in all cases the peak fraction for BaP 


fluorometer does not approach that of absorption spectrophotometers. However, 
the advantages of the new method outweigh the disadvantages. This procedure should 
be capable of greater accuracy with improvement in instrumentation 

The standard curve is best obtained from a fairly complex mixture of polynuclear 
hydrocarbons while varying the concentration of BaP. However, the standard curve 
can also be obtained by analyzing mixtures by the chromatographic—ultraviolet 
method and then by obtaining the fluorescence MT values of the samples. The appli- 
cation of this fluorometric procedure to more complicated mixtures is being investi- 
gated. 

Following a close study of the spectra of chromatographic fractions from a large 
number of air particulate samples, we have reached the conclusion that an increase 
in the concentration of BaP denotes an increase in the concentration of many of the 
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own polynuclear hydrocarbons. Fig. 10 clearly demonstrates some of 
wr this conclusion. The relative heights of the different bands in each 
ximately constant. Assuming that 


(a) the concentration of most ol 
r compounds is roughly proportional to the concentration of BaP.and 
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was postulated that these 


susceptible to analysis by pol irograpnhy 
MATERIALS AND METHODS 
Atmospheric aerosol samples were collected wi 
fitted with a glass fiber fil the san 
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from buildings and automobile traffic flow, and operated at the 
Most of the samples used in this study represented about 7500 ft” 
At the termination of a sampling interval, the filter web was cut into pieces 
are and macerated for about | hr in 35 ml of 1-0 M aqueous lithium 
ry was filtered through a sintered glass funnel, and the filtrate was 
H ” type electrolysis cell. The pH was not adjusted (the range was 
ted aerosols would not be altered in any way 


| calomel electrode was immersed in a constant 


and externa 
0-2 In order to deoxygenate the 

had been passed over copper turnings heated to 450°C and then 
was bubbled through the sample for 15 min. A dropping 
mn 


ersed in the sample, and an atmosphere of nitroge 


ntained above the samy uring analysis. Polarograms were obtained with ; 


Sargent Model III Polarograph*, using the mercury electrode as the cathode in the 


2:0 V, and the saturated calomel electrode as the anode 
nospheres fron er urban areas in the United States and fron 

nd, were obtained from the U.S. Public Health Service in the form « 

er filter mats that had been used under the san 

iditions as those existing at the Los Angeles laboratories 

aerosols were collected and analyzed polarographically by the 
atmospheric samples. These synthetic aerosols 
introducing exhaust vapors from either an idling Internationa! 

a Fairbanks Morse 2-cylinder engine into an 11,000 
a steel tube connecting the muffler to the chamber. The 


ynstructed so that exhaust concentrations in the chamber could be 
ecting part of the exhaust stream. Purified air was continually admitted 
through a variable orifice in order to dilute the exhaust in the chamber 

1 to maintain a dynamic flow system. The air was purified by 
and a bed of activa narcoa Irradiation of the chamb 


iral sunlight 


RESULTS AND DISCUSSION 


analyzed d splay two distinct cathodic steps, aiso tern 
| represents a typical atm heric aerosol polarogran 
observed diffusion current varied considerably among san 
the concentration of the constituents. However 
stable in position, always appeared at — 0-425 = 0-020 


ndicating that not m« than two substances were bet 


nditions of the experiments, the only inorganic materials 
ybserved waves were lead and zinc. Lead was found to be 
0-425 V, but zinc, which becomes evident at approximately 


ikali chloride electrolytes, was not found to be the causative agent 


ve at — 1-030 V. Polarographic identification of unknown substances 
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may be aided by adding quantities of known materials to solutions of the unknown 
If the resulting polarograms exhibit identical waves of increased step height, identifi- 
cation is considered confirmatory (MILNER, 1957, p. 107). The cathodic step attributed 
to lead responded in a positive manner to the addition of lead ions to unknown 
solutions, but the addition of zinc ions resulted in the appearance of a zinc step 
addition to the unknown atmospheric substance. Also, lead had been found to 
present in quantity by emission spectrographic analysis. Moreover, the wave 

1-030 V was usually a very large cathodic step of much greater magnitude than tl 

0-425 V step, making it unlikely that zinc was responsible. The authors considered 
the possibility that a local source of emission peculiar to the Vernon sampling area 
(Vernon, California, laboratories of the Los Angeles County Air Pollution Control 
District) might be responsible for the second polarographic wave. However, identical 
wave structure was observed with samples obtained from other areas in Los Angeles 
County 

With the co-operation of the Robert A. Taft Engineering Center of the U.S. Public 
Health Service at Cincinnati, samples of aerosols for polarographic analysis were 
procured from other urban areas in the United States and also from London, England. 
Reproduced in Figs. 2, 3 and 4 are the polarograms of these samples. In all cases the 


aerosol samples exhibited identical qualitative polarographic structure 


indicate that the aerosol components collected from polluted atmospheres of different 


urban areas have major properties in common 

As previously noted, major differences in wave height, particularly with 
the second wave, were noted among samples. Atmospheric aerosol samples were 
collected at the Vernon sampling station on a time schedule to ascertain whether a 
correlation existed between the polarographic wave heights and simultaneous measure- 
ments of other pollutants associated with smog. For this purpose aerosol samples 
were collected and analyzed daily during a 12-month period from June 1957 throug! 
May 1958. 

Comparison of the height of the second wave with concentration measurement 
aldehydes, NO., ozone and eye irritation during the period under study yie 
useful correlation As generally observed in the measurements of other po 
the wave heights increased during smog episodes and decreased in the absence of sm 
In a limited number of samples compared, wave amplitudes were proportional t 
weights of ether-soluble aerosols. When wave heights were compared Ul 
irritation was noted that in the majority of cases large wave amplitudes 
with high intensities of eye irritation however, in a number of instar 
amplitudes were observed in the absence of eye irritation (ORCUTT, 1958) 

wave height did not always correlate with eye irritation was 

unexpected. Based on experimental work performed and described later 
bility exists that organic nitro compounds of various types are responsibl 
second wave polarograms and not necessarily all of these types would 
irritants. Many of these substances may be toxic, however, and their polarogt 
measurement may be as important as the estimation of pollutants by the eye-irritati 
method 

[he possibility was also considered that the second wave might be due 
organo-metallic compound consisting of lead in combination with organic substitu 


This hypothesis was disproved by the fact that the two waves did not occur 
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exhausts might produce information as to the origin and chemical nature of the 
material causing the second wave 
Fig. 5 depicts a typical polarogram of irradiated auto aerosols from the International 


Harvester engine using a high olefinic fuel. It is evident from the current 


20 Nover 


relationship, that these aerosols are very simil: [ not identical, in compo 
atmospheric aerosols. Samples of the chamber atmosphere without exhaust 
no polarograms. In addition, when ozone and NO, were introduced into the ¢ 


in the absence of auto exhaust, no polarograms resulted 


Exhaust aerosols from different fuels 

4 series of experiments was performed to determine whether difference 
composition would result in quantitative polarographic differences in the 
produced. The fuels selected for this work were a gasoline containing le 


| per cent olefins and a blend of gasolines containing 34-7 per cent olefin 


polarographic comparison of the engine exhaust aerosols produced with differen 


was based upon diffusion current values per sampling time interval 
hydrocarbon present, according to the following 
Diffusion current (microamperes) 


microamperes per minute 
Sampling time (minutes) 
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is proportional to the quantity of unknown substance 
unknown substance probably is a function of hydrocarbor 


A-values, or the active aerosol constituents can be 


ratios, hydrocarbon concentra- 


ed using the International Harvester 
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when NO, was passed through liquid olefins the resulting reaction products yielded 
very strong waves in the — 1-030 V region. Similarly, high olefinic gasoline treated 
with NO, yielded strong waves in the same region whereas gasoline with less than 
1-0 per cent olefins similarly treated, yielded very slight waves. These results can be 
attributed to the fact that olefins react readily with NO,, whereas straight chair 
paraffins and aromatic compounds react very slowly under identical conditions 


[hese observations lend support to the possibility that the — 1-030 V wave i 


with (NO),-olefin reaction products 


TABLE 2 \ POLAROGRAPHK COMPARISON OF IRRADIATED 


LEFINK AND NON-OLEFINK ELS IN THE FAI 


Hydrocarbor 


0-0052 
0-0017 


0-0] 


Non-olefinic 


(less than | 


[he addition of inorganic nitro compounds such as sodium nitrate, sodium nitrite 
and lead nitrate to automotive exhaust or atmospheric aerosols in solution, resulted 
in the formation of additional waves thereby excluding the possibility that the aerosols 
might consist of inorganic nitro compounds 

All available evidence indicates that both atmospheric and automotive 
aerosols contain organic nitro compounds. The general polarographic behavior of 
the aerosols is consistent with that of organic nitro compounds desc 
literature [his is supported by the observation that no current 
obtained when these aerosol samples are rendered alkaline, because of the 

the aci-form of the compounds which is not electro-reducible (MIL 


549-551) 


SUMMARY 


(1) Aerosols collected from polluted atmospheres of different urban areas exhibited 


identical qualitative polarographic structure. This may indicate that the aerosol! 


components from the sampled atmospheres have major properties in common 


(2) Aerosols with the same polarographic characteristics were obtained from 


irradiated automotive exhausts 
(3) Fuels with high olefinic content produced large quantities of these aerosols, 


while low olefinic fuels gave rise to small amounts of the electro-reducible aerosols 
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and News 


Anniversary of the Staubforschungs-Institut 

THE Staubforschungs-Institut in Bonn, which recently celebrated the twenty-fifth anniversary 
establishment, has commemorated this event with the publication of a book describing it 
history and present activities 

The institute was founded 1934, with its first headquarters in Berlin, by ARNOLD LAMMERT 
For the preceding 2 years LAMMERT had been studying di n quarrying under the auspices of the 
German quarry-owners association, who were gravely concerned at the high incidence of silicosis u 
this industry. Its aim was to investigate both the physiological action on the human body of dusts 
and fumes from industrial processes and the causes of and means of combating the formation of such 
fumes and dusts in industry genera Together with his associates, LAMMERT carried out 
gations in a wide variety in i which dusts affect the health of the workers until 1939 
when, with the advent of war, the activities of the institute were restricted. With the destruction of 
its building, apparatus and records, the work ceased in 1944. In 1948, however, LAMMERT was able 
to resume his work in rented apartments in Bonn, where he continued until his retirement in 1953 
at the age of 70. He was succeeded by Dr. A. WinKEL, who is the present head of the institute. T« 
house the growing institute a new building was erected in 1954 s hoped that this will prove 
adequate for a number of year 

The work of the institute is divided into five departn 
of the more outstanding achievements are outlined here 

The department for phy sical measurements, headed by I H ASENCLEVER 
dust sampling and measurement, has designed a new type o ter which has been wide 
by industry in Western Europe irge numbers Of particie $1 nalyses have been 


11 


more recently, methods have been d d with which extremel mali concentration 
particles in a in be detected te e facilities 
masks and industri protective 

The department for chemical and 1 ra al inve ations, led by Dr. K. G 
out numerous chemical analyses of *xact method has been evolved 
determination of silicic acid sd on the principle that in hot phosphoric acid (250 
dissolve, but quartz tridymiute or cry alite are not attacked Phase contrast microscopy 
deen developed to such an extent that the various types of n Ts ist particles evel 
| can be quantitatively estimated by coun ing in the same samp! e.g. it is possible to ¢ 
Detween pumice oO! different origins such as I ipari and Germany, the former of which its har 

Mr. E. Water heads the department for ventilation research This section has equipmer 
testing industrial dedusting plant (b filters, electrostatic precipitators, etc.) using standard test 
dusts with volume flow rates as higt s 2000 m*/hr It also carries out experiments on exhaust hooc 
and the ventilation of factories where dange ire formed in processing 

In addition to investigating the explosive limits ist air mixtures, Mr. G. KUHNEN has made 
particular study of situations, which, although in themselves not dangerous, can lead to explosions 
Mr. KUHNEN has also specialized in microanalytical techniques for dust analyses 

Mr. A. ScutUtz, who has been working on the brown fumes from oxygen lancing processes 
making, has developed an ingenious method of obtaining in the laboratory a reproducib 
identical with furnace fumes, by means of an electric arc between carbon electrodes filled wi 
filings. At present he is attempting to use polarization effects in agglomerating the fine fume p: 
at high temperatures in electric fields, as weil as establishing the temperature limitations fi 
conventional types of electrostatic precipitators 

Perhaps the most important activity of the institute which affects workers in the < 
outside Western Europe is the publication of the journal Staub, which is edited by the 
director, Dr. WINKEL and by Mr. ScuUtz. Staub, first issued in 1936, was published irregularly until 


1944 and again from 1950 onwards, but since January 1958 has appeared monthly. Besides its many 


research papers and technical reviews, Staub has, since its inception, abstracted from other journals 


*25 Jahre Staubforschungs-Institut des Hauptverbande r Gewerblichen Berufsgenossenschafter 
Bonn, Langwartweg 103, Germany, 1959. 47 pp 
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THE ESTIMATION OF GROUND LEVEL 
CONCENTRATION FROM AN ELEVATED SOURCE* 


P. J. MEADE 
Meteorological Office, Kingsway, London, W.( 


( Received 21 October 1959) 


ntrations oO! gase 


Abstract—SuTTon’s equations for calculating groun vel conce 


negligible fall speed due to an elevated source convenient non-dime 


This is done by incorporating in the equations of the concentrat 


distance along the axis of the plume then shown 


tra 
concel | 


value of the stability parameter, 


axis and a single diagram gives | the whole are: 
the source, for ar values of the remau ‘ rs yN lations The 
and the diagram will avoid the neces nvoiving exponentia 


alternative values of several parameters 


SUTTON (1) has given the following expression for the concentration at ground level 


due to a continuous source at a height / in the atmosphere 


exp F } exp ( 


In this expression 
the concentration in g cm 
the source strength in g sec 
the horizontal wind speed, assumed constant, in cm sec 
the horizontal distance downwind from the base of the source 
the horizontal cross-wind distance 
a Stability parameter 
a diffusion coefficient for lateral spreading 
C. is a diffusion coefficient for vertical spreading 
At ground level along the axis of the plume 0 and the axial concentration ¢ 
then, from equation (1), given by 
exp [ 
By inspection of equation (1) it is clear that the maximum ground level concen- 


tration C,, occurs somewhere on the axis of the plume and, by differentiation of 


equation (2), it can be shown that 
20 
eruh* \¢ 


bmitted for p iblication the wt 1 sf ion was draw! 


* Alter the above paper was subd1 
by Falk er a/. (Pittsburg, Pa., Air Repair, 4, 1954, pp. 87-95) 


was analysed and discussed nt i paper Bos 


nental Work 


persion of effluer a stack 
Pearson formula r concentration is used and for axial concer nsior 
is derived On sin r lines to that described above for the two 
different approaches, however, in the treatment of area concentra 
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and the distance x,, from the base of the source where the maximum concentration 


occurs Is 


In equation (3) e is the base of Napierian logarithms, i.e. 2:72 approximately 


The above equations are generally used when estimations of likely concentrations 
are required in connexion with the emission of effluent from an existing stack or a 
projected one, of which the height A and other parameters are under consideration 
Equations (3) and (4) provide a convenient means of estimating maximum concentra- 
tions and the point where they will be found, but equations (1) and (2), which give the 
distribution of concentration over an area and along the plume’s axis, are somewhat 
nvolved and many separate computations may be necessary to cover all the probable 
values of the different parameters. The procedure described below largely overcomes 


these objections 


DISTRIBUTION OF CONCENTRATION ALONG THE AXIS OF THE PLUMI 


? } 


Equation (2) gives the distribution of concentration along the plume’s axis 


Dividing this equation by equation (3) and using the results of equation (4), we obtain 


| {)) 


that equation (5) is in non-dimensional form and does not contain 


explicitly the wind velocity u, the effective height of the plume A, or the diffusion 


ncentrations (C ) as a fraction of the maximum concentration (C ,.) along the 


1 an elevated source (Neutral atmospheric conditions.) 


coefficients C, and ¢ [hese parameters are, of course, required for the calculation 
of C,, and x,,, by means of equations (3) and (4), but are not required thereafter for 
calculations of the distribution of concentration. In fact, if the stability parameter n 
is known, equation (5) provides a unique and simple expression for the pattern of 


axial concentration, whatever the values of u, h, C, and C,,. 


(4) 
( 
It will be noted 
1959, 
Fic. 1. Ground level 
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Fic. 1a. Ground level concentrations (C) as a fraction of the maximum concentratior 


axis of the plume from an elevated source. (Neutral atmospheric conditions 


Note The above curve is taken from Fig. | for the range of distance 0 
open scale 

Fig. 1 is the curve represented by equation (5) for conditions of neutral Stability in 
the atmosphere with nm =0-25 and, as will be seen, distances from the base of the source 
are indicated by x/x,,, their ratio to the distance where the maximum concentration 
occurs. Similarly the ordinate gives the concentration as a ratio, C,/C,,, to the 
maximum value. Fig. 1A is a portion of the curve in Fig. | for values of x/x,, equal 
to 3 or less, but drawn with a more open scale over the region in which the relative 
concentration C/C,, varies rapidly 

In any particular case, therefore, with the parameters u, A, C, and C, given or 
estimated, it is only necessary to calculate C,, and x,, from equations (3) and (4). 
Then Figs. | and 1A give the distribution of pollution and the corresponding values 


of C, and x are readily derived 


DISTRIBUTION OF CONCENTRATION OVER AN AREA 
As is indicated by equations (1) and (2), off-axis concentrations are related to the 
axial concentration C, at the same downwind distance x by the exponential factor. 


exp ( 


This factor contains the lateral diffusion coefficient C,. If the turbulence is isotropic 
C, =C,, but these conditions do not usually apply in the layer of atmosphere near the 
ground. We therefore write 


Cy =aC, (/) 


where « is a number, and using a similar analysis to that already described, equation (1) 


may be written in the form 


e(*: exp: exp. 


> « Pas 


In equation (8), compared with equation (5), the only new parameters that appear are 
the cross-wind distance y and the ratio of C, to C,, i.e. «. As before, therefore, once 
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C,,, and have been calculated, a unique curve provides the distribution of pollution 
over an area for each value of the stability parameter n 
For purposes of illustration and also because it represents the most realistic 
application, we again choose n =0-25 corresponding to neutral atmospheric stability. 
\ representative value of « ts also required. On the basis of numerous field experi- 
ments carried out over level downland at Porton, SUTTON (1953) has given values of 
and C, which indicate that « has the value 2, a figure which appears to be confirmed 
yver the same terrain. We therefore choose this value of « together 
or substitution in equation (8) and the resulting curves for C ¢ 1/2 


re shown in Fig 


(Neu 


In Fig. 2, downwind distances are given | Ym, aS in Fig. 1, but cross-wind 
distances are given by their ratio to /, the effective height of the source. For neutral 
conditions and with the assumed value x, therefore, Fig. 2 gives the distribution of 
oncentrations over an a whatever the values of the parameters u, / and C, (or C,) 


concentration is given by the coordinates 
and 


ay also be used if the ratio C, C, is not equal to 2 but then 
he ordinate sc: or y h would have to be adjusted. It is important to take account 
of this possibility because over terrain different from that at Porton different values 
of C, and C, would generally be found. For example, over rough hilly country at 
Oak Ridge, U.S.A., HOLLAND (1953) found C, and C, approximately equal, i.e. « = | 


it is only necessary to amend the ordinate scale by inserting 1.2 
2, 4 and 6 respectively before using the concentration curves 
APPENDIX 
Practical 
ts and equa ns ar ) which 


Before using the figures, however, 


We 
Sand | 10 2 
\, 
\ 
rt 
\ 
| ve 
1959, 
ist ove irea of ground level centratior ) due to an ele ted source 
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Ir the n ent 
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necessary to evaluate C,, and x,, from equations (3) and (4) respectively. It will be conver 
fore, to express these equations in units commonly used for everyday purposes 
Let Q =strength of source in tons/day, 
h =effective height of source in feet, 
horizontal wind speed in miles/hr, 


horizontal distance downwind from the base of the source in 


In addition, the diffusion coefficients C, and C. are to be expressed in units of (ft) 


with Figs. 1, 1A and 2, we take » =0-25 and using values given by SuTTON (1953), 


0-4 cm 


Then, with Q in tons/day, A in feet and uw in miles/hr, 
lOO n 


If the pollutant is sulphur dioxide 
86 mg SO,/100 m* is equivalent to | part/100 n 
O 


Then 1-14 10° — p.p.h.n (parts per 100 million) 
“un 


Also, from equation (4), 


It is to be emphasized that A, the effective height of the source, is the sum of the chimney 
Methods for 


the additional height imparted to the plume by means of buoyancy and efflux velocity 


calculating A have been given by HOLLAND (1953), BosANQuet (1957), Scorer (1959) and in other 


papers 
Example | 
Suppose the effective height of a source is 100 ft, that the output of SO, is | ton/day ar 
speed is generally 5 miles/hr or more Since greate! wind speeds give lower concent 
5 miles/hr to estimate the maximun 
From (10) and (11) 
23 p.p.h.n 
660 yd. 
Using I ig. 1, ground level concentrations along the ax: ild exceed 2-3 p.p h.n 


maximum, within distances given by 


0-4 


i.e. within the ra . d to 4030 yd from the stack 
The range within which concentrations along the ; 


15 


(annrox) 
ay 


3 


Using Fig. 1A, th ange und from about 400 y it 1260 yd 
ecified concentration limits ca mated from Fig 


trations greater than 2 may occur up tod 


approx) 
Thus conce 
of the plun 
Similarly 
may OC’ if 


Example 2 
4 chimney with an output of 15 tor ‘ lanned in an area where the w 


7 miles/hr on 60 per cent of occasions and exceeds 3 n per cent of occasior 
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the effective height of the source if the maximum ground level concentration is not to exceed 50 
p.p.h.m. (a) for winds of 
(a) Winds 


From (10) 


miles/hr or more and (b) for winds of 3 miles/hr or more 
es/hr or more 


225 ft (approx) 


x,,, = 1700 yd (approx). 


s to be 100 ft high, the effluent gases should have sufficient efflux velocity and 
additional 125 ft in height 


or more 


340 ft (approx) 


= 2700 yd (approx). 


iblished with the permission of the Director General of the Meteoro 
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THE CARBON-14 CONTENT OF URBAN AIRBORNE 
PARTICULATE MATTER* 


JAMES P. LopGe Jr.+, GeorGe S. Brent and Hans E. Suess? 
(Received 28 October 1959) 


Abstract—Very large samples of atmospheric particulate matter were collected in the central part 
of St. Louis, Missouri and Los Angeles, California. The carbon-14 content of various fractions of the 
samples was determined, and was interpreted in terms of the relative contribution of fossil fuels and 
contemporaneous sources of carbon to the particulate pollution of the area. It can be shown by this 
method, for example, that substantially all of the aliphatic hydrocarbons in the samples are of fossil 
origin, while about one-fourth of the oxygenated materials are derived from living matter. The 
general applicability of the method is discussed 


INTRODUCTION 
IT is well known that living substances are in equilibrium with the content of radio- 
active carbon-14 in the ambient atmosphere. This carbon is formed primarily in the 
stratosphere by (n,p) reaction with nitrogen-14, and is subsequently completely mixed 
with the general atmosphere in the form of carbon dioxide. 

When an organism ceases to live, it ceases to exchange carbon with the atmosphere. 
Its carbon-14 content thereafter decreases in the manner dictated by its half-life of 
approximately 5700 years. This fact is utilized in determining the ages of archeological 
objects, as described by Lipsy (1955) and others. The fossil fuels coal, petroleum and 
natural gas, although formed from organic substances, are of such great age that their 
carbon-14 content is substantially nil. 

The carbonaceous material contained in particulate material from urban atmos- 
pheres arises primarily from two types of source. The first is the combustion of fossil 
fuels. Particulate matter from this source contains no radioactive carbon. On the 
other hand, the combustion of wood, paper, garbage and other sorts of refuse gives 
rise to particulate matter containing carbon of substantially the same isotopic com- 
position as that of living matter. Pollens, micro-organisms, plant debris, and similar 
material also contribute to the “live” carbon content of particulate collections. 
The sources of carbon of an age intermediate between these two extremes are negligible. 
Consequently, the isotopic composition of carbon from polluted atmospheres can be 
interpreted, not in terms of age, but in terms of the relative contributions of fossil fuel 


and contemporaneous material to the overall atmospheric pollution complex. 
This relationship was first explored by CLAYTON ef. a/. (1955) who examined two 
large samples each from Detroit and Los Angeles. Since a large portion of any bulk 


* Presented at 136th Meeting of the American Chemical Society, Atlantic City, New Jersey, 
September, 1959 
+ Chemical Research and Development, Air Pollution Engineering Research, Robert A. Taft 
Sanitary Engineering Center, Public Health Service, Cincinnati 26, Ohio 
+ Division of Marine Geology and Geochemistry, Scripps Institution of Oceanography, University 
of California, La Jolla, California 
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sample consists of resuspended matter (ground paper, plant tissue, etc.) and soot, 
which cause nuisance, but which have less health significance than extractable 
materials, it seemed desirable to extend their measurements to fractionated samples 


No attempt was made to carry out an exhaustive study of variability, seasonal 


trends or geographical differences within a city. The project was aimed rather at 


determining the possible usefulness of the technique as a method of evaluating relative 
contributi from various sources of carbonaceous material. In this respect the 
ar to the work of CLAYTON ef a/., and to that of TRUESDAIL (1958), 

e a brief study of isotopic carbon distribution among gaseous pollutants 
the courtesy of Mr. FRANK A. Patty of the General Motors Corporation, 
ne sampling device used in their studies was made available. Muffling 


to make it possible to operate the sampler in more densely populated 


rst chosen for study was St. Louis, Missouri. The sampler was 


t Park, a large municipal park located in a residential area in the 
etropolitan complex, approximately 7 miles from the downtown 

les was taken during the first 6 months of 1957. During Apt 
mple was taken in Los Angeles, using an array of eighteen high 
situated on the roof of the laboratories of the Los Angeles County 
rol District in the Vernon area. Processing of the samples through 
indling was performed at Taft Sanitary 


Isotopic composition was determined using the 


of Oceanography 
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The Carbon-14 Content of Urban Airborne Particulate Matter 


The data obtained are summarized in Table | 


LTS AND 


DISCUSSION 


The activity determined is given in 


percentage of that of ** standard ”’ wood, i.e. of wood grown in the nineteenth century, 
at the time of its growth. Plant material actually growing at the time when the 


pollutant samples were taken had an activity of about 10 per cent above that of 


“ standard ” wood due to the presence in nature of C' produced by nuclear explosions. 


[his complication, however, in no way affects our conclusions 


TABLE | COMPOSITION 


Filter No Fraction 


Extract 
Aliphatic 
neutral 
Aromatic 
neutral 
Oxygenated 
neutral 
Acid 
Total 
Total 
Extract 
Residue 
Total 
Extract 
Residue 
Total 
Extract 


Residue 


As indicated, the 


OF ST LOUIS (numbered) AND LOS ANGELES (LA) SAMPLES 


Wt 


fraction 


ol Wt. of carbon Percentage 


in fraction contemporaneous carbor 
(g) standard deviation 


(14-4) 


2-44 
(6°91) 


(9-83) 


4°15 

14) 
(3-84) 

(14-30) 


(40-0) 
(14-5) 
46°82 


(18 


Aliphatic 
neutral 

Aromatic 
neutral 
Oxygenated 
neutral 


Acid 


a) Values in parentheses are calculated rather than measured 


(6) Calculated from sample weight, assuming sample to be 55 per cent carbon 


san ple was lost processing 


(c) Calculated from weight of cart issuming sample to be 60 per cent carbon 


gross composition of most of the filters has been calculated from the activities and 


amounts of carbon in the individual fractions. It will be noted that the gross content 


of contemporaneous carbon in the original samples is somewhat variable. There is no 


clear correlation between carbon content and daily outdoor temperature range during 
the sample period, which might be expected to occur since low temperatures favor the 


combustion of larger amounts of fossil fuel. The table also displays the relative 


contribution to the overall activity of the various organic fractions. The “ water 


soluble * and “ basic ” fractions (TABOR ef al., 1958) were too small for analysis. It 


will be noted that the residue insoluble in ether is more active than the ether-extracted 
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0-80 0-44 13-2460 
1-96 24:3450 
1-77 1-02 22:6-.5-0 


James P. Lopoe Jr., Georce S. Bren and Hans E. Suess 


materia This activity presumably reflects the presence in the residue of resuspended 
organic dusts such as ground paper, leaves, etc., which do not make a corresponding 
contribution to the extract. The various oxygenated materials (the acids and the 
oxygenated neutral compounds) have a somewhat higher activity than the total 
extract srably larger percentage of the aromatic hydrocarbons, and almost 
material, are derived from fossil sources. This result is not 

never previously been proven 
while the gross samples from the two cities vary markedly, the 
heir fractions are quite similar. The principal difference, so fat 
mean is concerned, appears to lie in the residues. \ possible 
s to explain the high activity in the Los Angeles residue lies in the fact that it 
-arly in the dry season after an unusually wet winter. Thus an unusually 
f vegetation was being dried out, ground underfoot, and resuspended in 
has been hoped that the Los Angeles samples would reflect the effects of 
ban on domestic incineration. However, the absence of information on the 
composition of extractable material prior to the ban makes it improper to draw 


conclusions sort 


CONCLUSIONS 
[he isotopic composition of carbonaceous material in particulate samples taken 
from polluted atmospheres reflects the sources of this material. Distinctions among 
sources not possible by any other means than complete source inventory may be made 
by this method. The unfortunately large sample size required makes the technique 
expensive ; however, there are a number of situations in which no other approach will 
serve as we The expected variation in isotopic content among the various fractions 


of particulate matter was observed with the activity varying in the order 


Total ether extract Neutral Neutra 
Neutral oxygenated compounds aromatic aliphatic 
Acidic compounds compounds compounds 


ARTHUR C. STERN and Drs. Leste A. CHAMBERS and JAMES R. ARNO! 
ng of this experiment. The General Motors Corporation kindly donated the 
npler used in the St. Louis study. Samples in St. Louis were taken under the 
mE E. Moros, Acting Chief, Industrial Hygiene Section, St. Lours Department 


The Los Angeles samples were provided through the courte i Mr. J. ¢ 
Air Monitoring Section, Los Ar geles County Air Pollution Control District, 


434 South San Pedro Street, Angeles. Extractions were performed by ARTHUR WARTBURG 


and JOHN Si Ee of the Sanitary Engineering Center The carbon dating laboratory of Scripps 


Institutior inography is maintained primarily by funds from the Atomic Energy Commission 
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Abstract—Recent developments are reviewed of laboratory research, stimulated by the Donora 
disaster a decade ago and more recently by the critical smog situation in Los Angeles, that has resulted 
in new findings and concepts of the interaction of certain components in both reducing and oxidizin 
smogs. In reducing smog in which SO, plays a dominant role, interaction with solid aerosols appears 
to go far in explaining the abnormal and unpredictable responses at Donora. Based 
related work, a physicochemical theory has been developed that appears to offer a sat 
planation for most of these reactions 

On the other hand, physiologic mechanisms appear to govern interaction of those components of 
oxidant smog thus far studied. Three areas have been investigated 

(1) Tolerance and cross-tolerance among oxidant air pollutants 


(2) Protection by oil mists against ozone and nitrogen dioxide, and 


, 
5 


(3) Antagonism of a variety of sulfur compounds for these oxidants 

Although each is a protective mechanism, all are believed to proceed by different physiologic 
pathways 

The nature and degree of protection is presented for each type of action, as well as hypothesis of 
the mechanisms in so far as biochemical investigation has indicated. An instance of striking synergism 
is also reported between ozone and hydrogen peroxide 

At least four significant contributions to our understanding of the acute short-term interactions of 
smog components have been made 

(1) A theory of physicochemical interaction, based on experimental work on the biological effect 
of mixtures of aerosols with gases and vapors, which provides a basis for predicting future abnormal 
response of synergism and antagonism among certain chemically or catalytically active smog com- 
ponents has been developed 

(2) Many oxidant smog combinations have been shown to possess the capacity to confer protection 
on the host against acute effects from further exposure and also to provide a cross-protection against 
chemically dissimilar oxidant smog components 

(3) The finding of marked similarity to radioprotective substances in the type of sulfur compounds 
that provide prctection to animals against the acute effects of typical smog oxidants focuses attention 
on the radiomimetic properties of certain oxidants and brings into closer relationship the biologic 
effects of radiation and certain oxidant air pollutants 

(4) Oxidant smog mixtures derived from petroleum combustion appear to contain some com- 
ponents that are mutually antagonistic physiologically against the short-term effects of their inhalation 


INTRODUCTION 
A DECADE has passed since the publication of the Donora report by the Division of 
Industrial Hygiene of the U.S. Public Health Service. This report provided pause for 
reflection on the means by which a reducing-type smog was able to produce such 


devastating effects on health. At the same time it provided added impetus for research 
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already under way on a different type of smog in Los Angeles. The crucial question 
the Donora report raised was: ** How could the known smog components at the low, 
estimated concentrations result in so much injury?” Similar questions were raised 
a similar episode in the Meuse Valley, and before that in the London 
f 1873, and later in 1952. Some of that which ts to follow shows the 


as been made to find an experimental solution to the question raised by 


og episodes and was unanswered a decade ago 


RAL STATEMENT AND THEORY OF INTERACTION 
g increasingly clear from experimental work with simple mixtures of 
hat abnormal and unpredictable responses are common findings from 
exposures of animals. The responses referred to are synergism, anta- 
olerance development. Although only relatively few instances have as 
yet been demonstrated, it is suspected that unpredictable effects of mixtures are most 
ted to substances of high toxic potential. It is important to note in this 
connection that observations previously made with mixtures administered orally or by 
inhalation concerned substances which did not possess marked toxicity; in these cases 
additive effects were the rule; examples of moderate synergism and antagonism were 


only occasionally observed (POZZANI, 1959; CARPENTER ef al., 1959) 


PHYSICOCHEMICALLY BASED INTERACTIONS 


There are several reasons why mixtures of substances taken into the respiratory tract 
should behave in a less predictable fashion than when injected or when taken orally 
The inhalation route presents a number of additional possibilities of interaction of air- 
borne substances not offered by other routes. In the case of vapor and particulate the 


basic physi hemical considerations that appear to govern the final toxicologic 


he degree of adsorption on or absorption into the particle 


» of chemical interaction of the substance with the particulate either 
or catalytically 


ate of desorption of the substance from the particulate into 


1¢ new combination, if reaction occurs 

physicochemica mnsiderations permit an 

vapor to be lized on the pulmonary surfaces by simple 
tle or none at all of the toxic ager 
through lack of de yn, or finally to present a substance ol 
result of chen bination of the particulate and the vapor 
» general physicochemical considerations it may be predicted, fo 
1958) has done, that antagonism of the toxic effect will occur if 
the adsorbed substance with the particulate 
or ponents or 


tadly tl 


containing 


particles of basic iron oxide are present. Similarly LABELLI 


recorded that the | | effects of nitrous fumes are materially 


of mice when inhaled along with particulates that can react 


duced in xposures 
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with the nitrogen oxides. A striking example of (b) has been suggested by STEINER 
(1944) and FALK and Steiner (1952) by the failure to produce cancer in animals when 
no desorption of the carcinogen from activated carbon into the tissues was shown to 
occur, but production of cancer, when adsorbed on soot from which desorption 
occurred. Similarly, the toxic effects of acrolein were shown by LABELLE et a/. to be 
antagonized and the effects of formaldehyde synergized when both were adsorbed on 
the same particulates. This may be explained by the theory of Goetz on the basis that 
desorption of the higher-molecular weight acrolein proceeds at a very slow rate 
whereas formaldehyde is rapidly desorbed. 

No doubt based on similar physicochemical interactions are the findings by AMDUR 
(1959) of enhanced effects of sulfur dioxide and other gases and vapors in guinea pigs 
when inhaled with either liquid or solid particulates such as sulfuric acid mist or NaCl 
aerosol. Sulfuric acid mist at 8 mg/m* and 89 p.p.m. SO, together produced more 
marked effect on growth, more injury to lungs, and greater alterations in respiration 
than predicted from either alone. Likewise, NaCl aerosol of fine particle size (0-04, 
diameter) and at about 10 mg/m* produced an increase in pulmonary resistance with 
SO, at 2 p.p.m. equivalent to that of 70 p.p.m. SO, when inhaled alone, thus providing 
an apparent potentiation of effect. In this connection it is important to note that the 
potentiation of effects of SO, at low concentrations (2-6 p.p.m.) were proportionately 
greater than at higher. In accordance with the theory, presumably SO, adsorbed on 
the NaCl aerosol not only carried greater amounts of SO, to the deeper portions of the 
respiratory tract but also enhanced localized concentrations about the aerosol par- 
ticles. Difficult to explain by the theory, however, is the slightly lesser than norma! 
response when a 2:5u diameter NaCl aerosol was used; sizes of this magnitude are 
considered to be in the inhalable range. Moreover, it is important, we believe, to 
note that the measurement of pulmonary resistance used in this instance is not a 
measurement of toxicity in the usual sense, such as was the case for the sulfur dioxide 
sulfuric acid system, but rather a measure of a normal response mediated by a reflex 
mechanism of the nervous system 

Enhanced pulmonary airway resistance was also observed with formaldehyde vapors 
but not with acetic or formic acid in the presence of NaCl aerosol over that from either 
alone, and the effect persisted, results again in agreement with the interaction theory 
Both substances, sulfur dioxide and formaldehyde, which showed potentiated effects 
are capable of oxidation to substances with greater physiologic response; acetic and 
formic acids are not 

These findings of AMDUR would seem to provide a basis for an explanation of the 
abnormal effects seen in the acute smog episodes of Donora, the Meuse Valley and 
London. The increased resistance to breathing in individuals already having cardio- 
respiratory difficulties, further enhances the difficulty of obtaining needed O,. More- 
over, this resistance slows down gaseous exchange in the lungs leading to increased 
accumulation of CO,. The production of an acidotic condition superimposed on a 
restricted O, intake in pulmonary cripples goes far to explain the effects seen in pre- 


vious acute episodes. 


PHYSIOLOGICALLY BASED INTERACTIONS 


The above has dealt briefly with the toxicologic potential derived from the inhalation 


of a two-phase system of particulate and gaseous air pollutants, and has outlined a 
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theoretic basis for toxic effects that departed from those predicted on a purely additive 
basis. Whereas the theory has helped explain a number of the observed findings in 
this area, other mechanisms must be invoked to explain the toxicologic interactions 
observed from the inhalation of single-phase mixtures of gaseous air pollutants when 
synergism, antagonism or tolerance has been demonstrated. 

So little research attention has been given the toxic effects resulting from inhaling 
mixtures of air pollutants that only general concepts and not precise mechanisms have 
been developed to explain the abnormal responses of tolerance or synergism. A 
general explanation of abnormal responses from mixtures of substances entering the 
body by routes other than inhalation has been developed by VELDsTRA (1956). The 
explanation is based on a ™ sites of loss *’ hypothesis which involves the concept that 
any substance which interferes with the normal metabolic process of the body to rid 
itself of the toxic agent will result in an abnormal response. Recently, MURPHY and 
DuBois (1957) have revealed a mechanism to account for the synergistic effect of 
malathion and EPN which consists of the blocking by malathion of the hydrolytic 
cleavage of EPN (site of loss). Gappum (1956) has given mathematic expression to 
the theory of antagonism if equilibrium is attained by the reactants. None of the 
mechanisms so far advanced for potentiating drug mixtures would appear to apply to 
the abnormal effect of inhaled mixtures that are presently being discussed. The 


physiologic mechanisms involved appear to be far more diverse and complex than 


those thus far included either in the above mentioned enzymatic blockage, or included 


in the physicochemical theory, and thus far have defied definition 


EXPERIMENTAL WORK ON MIXTURES OF OXIDANT SMOG 
COMPONENTS 
We have learned in recent years that low concentrations of ozone and other respira- 
tory oxidants may cause serious injury (STOKINGER ef a/., 1957). Here also a question 
has arisen. If, as we have repeatedly shown, ozone is so toxic, why have no effects 
been discernible among the population in Los Angeles, where ozone on many alerts 


has exceeded 0-5 p.p.m., a level considered to be potentially injurious? The following 
summarizes results of research that would appear to provide an answer, at least in 


part, to this question 


TOLERANCE TO ACUTE EFFECTS OF AIR POLLUTANTS 

One of the most outstanding and unusual developments thus far of our air pollution 
studies has been the demonstration of the development of tolerance* to the injurious 
effects of subsequent acute exposures. This tolerance first demonstrated by STOKINGER 
et al. (1956) with ozone in rats, later confirmed and extended in mice by MATZEN (1957) 
and in rabbits by SCHEEL ef a/. (1958), is remarkable in that it is induced by exposures 
of low concentrations (0-3 p.p.m. in mice) of short duration (a few hours). The degree 
of tolerance afforded is proportional to the O, concentration and the time of exposure 
Protection from the acute effects of a second exposure may be demonstrated as early 
as 20 hr in mice and is still demonstrable after 102 days after inhalation exposure to 
| or 2 p.p.m. ozone (MATZEN, 1957). Thus O, tolerance has the quality of remarkable 

* Definition of tolerance: Tolerance as used here is defined as an increased capacity of the host to 
resist the effects of subsequent acute exposures to the same agent or different agents (cross-tolerance) 
Thus, tolerance has the quality of persistence for varying periods of time depending upon the agent 


and the degree of development of the tolerance. This differentiates tolerance from antagonism which 
may result from the simultaneous and nonpersistent interaction of two or more agents in the body 
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TABLE 1. TOLERANCE TO ACUTE LETHAL EFFECTS OF OZONE 
4-hr Exposures— Mice 


Mortality 


Ozone Ozone 

Pre-exposed Untreated 

pre-exposure challenge 

concentration concentration Per cent 
(p.p.m.) (p.p.m.) No. dead Lung No. dead Lung protected 


water water 


No. exposed content content 


speed of development and marked duration originating from a single brief exposure; 
no other substance has yet been demonstrated to possess such a capacity. 

Table | shows that mice can be protected against multilethal doses of O, (19-2 p.p.m. 
for 4 hr) from a single, 4-hr exposure of O, at 2 p.p.m. Ozone concentrations much 
above 2:4 p.p.m. cause some pulmonary edema which requires a few days recovery 
period before the challenging dose is administered in order to demonstrate tolerance, 
but mice subjected to concentrations below 2 p.p.m. can be challenged 18 hr later with 
uniformly demonstrable protection. It is also seen in Table | that a concentration of 
0-3 p.p.m. will afford protection for some of the mice (partial protection). In all 
instances the water content of the lung was less in the ozone-pretreated mice than in the 
untreated and was proportional in each case to the degree of protection afforded when 
the magnitude of the challenging dose is taken into consideration. The reduction in 
edema formation in the lung of the tolerant animals was confirmed by histologic 
examination. It thus appears that the mechanism responsible for the development of 
pulmonary edema was blocked. It is important to mention, however, that this toler- 
ance had no effect on the labored breathing pattern imposed by inhalation of ozone, 
i.e. tolerance does not block all actions of ozone. Moreover, it should be particularly 
emphasized that the protection against pulmonary injury afforded by this tolerance is 
against the acute response; the tolerance appears to offer no protection against 
chronic fibrotic changes from repeated low-grade exposures to ozone (STOKINGER ef 
al., 1957). 

The physiologic significance of the ozone tolerance phenomenon is obviously great, 
particularly from the standpoint of the sporadic peak concentrations occurring in 
oxidant smog. 


CROSS-TOLERANCE AMONG AIR POLLUTANTS 
If the demonstration of O, tolerance has obvious implications as an inherent pro- 
tective mechanism against acute smog injury, the demonstration of a “ spread” of 
tolerance to include other air pollutants is of even greater interest. Studies with rats 
and mice in these laboratories on the capacity of a variety of chemically related and 
unrelated air pollutants—ozone and four other oxidants—to confer protection on 
each other have been made on ten combinations. Table 2 shows typical results for 
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mice only. It is seen that eight of the ten combinations tested conferred protection 
from lethal exposures ranging from 100 per cent to 36 per cent; ozone and ketene 
were the most effective in this respect. This capacity of ketene is all the more remark- 
able when it is noted that the exposure providing the protection was for only 10 min 
duration and was effective against one of the most potent lung irritants, ozone 
Hydrogen peroxide was less effective under the conditions of the tests and cumene 
peroxide was only demonstrably effective against H,O,, not against NO, or O 

Indeed, we were unable to demonstrate a protection of cumene peroxide for itself 
(presumably because of low tissue permeability and diffusion of this relatively large 
organic molecule). In this connection also it should be noted here that it was far more 
difficult to develop a tolerance in rodents to NO, than to other air pollutants tested; 


repeated daily exposures for a total of 22 hr to concentrations of 10 p.p.m. NO, 


(1/8 LC,,) resulted in no demonstrable tolerance; only by resorting to a high level 


(32 p.p.m.), single 4-hr exposure was it possible to demonstrate a tolerance in mice to 
subsequent lethal exposures (mortality: 0/10 pre-exposed vs. 7/10 not pre-exposed to 
NO,) 

Perhaps one of the more important results given in Table 2 ts the last, in which it is 
shown that a single oxidant (O,) not only may protect against another but against 
a mixture of two oxidants, in this case O, and H,O,, not a mixture with ordinary addi- 
tive effects, but one with demonstrated synergistic effects (see section on synergistic 
effects) 

Thus, although not all possible permutations and combinations of the five oxidant 
air pollutants have been tested, we believe sufficient work has been done to provide an 
indication of a widespread inherent protection from acute response that may result 
from the inhalation of a single oxidant air pollutant. Further, whatever the mechan- 
ism, the demonstrated cross-tolerances indicate a mechanism basic to the oxidant-type 
air pollutants 

The mechanism by which this O, tolerance develops is at present elusive. Tempting 
as the idea of an immune mechanism is, this appears to be ruled out on the basis of 
experiments performed by Scueet in these laboratories; mice treated with 6- 
mercaptopurine to complete inhibition of protein synthesis, which precludes antibody 
formation (SCHWARZ ef al., 1958), still were capable of developing a tolerance to O,, 
an occurrence which would seem impossible if immune reactions were the sole mechan- 
ism involved. On the other hand, the acute response from O,, of pulmonary edema 
and hemorrhage, was minimized in mice given a series of injections of ozonized egg 
albumin (SCHEEL), a response resembling in type, but not in degree, that possessed by 
the O,-tolerant animal. A definite difference in activity of the magnesium-activated 
fraction of lung alkaline phosphatase has been shown by MOUNTAIN in our laboratories 
between O,-tolerant and O,-susceptible animals, indicating tolerance may involve 
enzyme adaptation (SCHEEL ef al., 1958) 


TOLERANCE TO RESPIRATORY OXIDANTS BY OIL MISTS 
4 significant, but as yet unexplained, protection against the acute effects of the air 
pollutants, nitrogen dioxide and ozone, following exposure to oil mists has been 
demonstrated in these laboratories. An unusual aspect was that the protection was 
not maximal until the day following the exposure to the oil mist. Table 3 reveals that 


whereas mice showed significant protection from an otherwise lethal exposure of NO, 
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or O, when 18 hr elapsed between the exposure to the oil and oxidant (rows | and 2), 
no protection by the oil was demonstrable when the mice were exposed simultaneously 
to oil and oxidant (row 6); indeed, simultaneous exposure slightly worsened the effect 
of the oxidant synergism from (physicochemical interaction?). Measurable protec- 
tion was demonstrable, however, when the agents were administered sequentially (row 
5). Table 3 also shows a number of other characteristics of the protection afforded by 
oil mists. Under the conditions thus far tested, 


~ 


the oil provided better protection against NO, than O, (rows | and 2) 
mice were protected to a significantly greater extent than rats (row 
mineral oil protects to a significantly greater extent than motor oil (row 
4), and 
significant protection from a single oil exposure persists for at 
(row 7) 
This last finding, coupled with the required latent period for developmen 
this response as a tolerance phenomenon, not antagonism 
We are not prepared at this time to present the mechanism by which this tole: 
develops. From the nature of the above described effects, the best hypothes 
appear to consist of a hypersecretion of the phagocytic cells or those 


piratory tract with the liberation of protective substances 


CROSS-TOLERANCE TO RESPIRATORY OXIDANTS BY ANTI 


A tolerance to the acute lethal effects of ozone and NO, has been demon 
mice and rats by the rat poison, ANTU (alphanaphthylthiourea) by FAIRCHILI 
(1959). Mice given a series of three intraperitoneal injections of ANTU (10 mg 
alternate days) were completely protected from lethal effects when cha 
following day with a single, 4-hr exposure of ozone (5:8 p.p.m. for 4 hr) that 
80 per cent of the unprotected mice; rats challenged with 128 p.p.m. NO, 18 days 
a single, 8 mg/kg dose of ANTU likewise were protected. 
Although the mechanism of the tolerance has not been precisely determined, it 
would appear to resemble the tolerance produced by ozone for the following reasons 
(1) Like ozone, ANTU has been demonstrated to develop a marked tolerance in 
rats (RICHTER, 1945) 
(2) Like ozone, ANTU produces a pulmonary edema in rats 
The cross-tolerance between ANTU and oxidant indicates that the basic mechanisms 
involved may be similar. Moreover, the antagonism demonstrated by sulfur com- 
pounds for these respiratory air pollutants presented in the following section, points 
to the involvement of sulfur compounds; ANTU action presumably involves inter- 


action with tissue SH compounds 


EXPERIMENTAL DEMONSTRATION OF SYNERGISM AMONG AIR 
POLLUTANTS 
The possibility of abnormally great responses from the inhalation of mixtures of air 
pollutants has always been a matter of concern to those involved with the health of 
working populations, but relatively few bona fide examples of this phenomenon have 
been demonstrated throughout the years. VON OETTINGEN (1944) has summarized a 


number of purported examples involving enhanced responses of carbon monoxide 


with hydrogen cyanide, of carbon monoxide with nitrogen oxide, and carbon mon- 
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oxide with hydrogen sulfide. STOKINGER ef al. (1950) showed that exposures to hydro- 


gen fluoride enhanced the toxicity of beryllium sulfate inhaled by animals. DAUTRE- 


BANDE ef ail. (1951) had drawn attention in 1951 to the enhanced effect of particulate 
matter, sodium chloride and silica, on eye irritation produced by simultaneous ex- 
posure to volatile irritants, such as sulfur dioxide, formaldehyde and nitric acid vapor, 
and pointed to the importance of particle size in connection with effects from air 
pollutant exposures. LABeLLe ef a/. (1955) showed not only synergistic but also 
antagonistic effects of combinations of these particulates separately administered with 
formaldehyde, acrolein, and nitric acid vapor. AMpuUR’s work (1959) showing poten- 
tiated effects with sulfur dioxide and particulates has been previously mentioned. It 
should be noted that all of these studies since 1950 have dealt with abnormal effects of 
combinations of vapors and particulates. We would like to summarize here a signi- 
ficant instance of synergism not involving particulate interaction but the interaction 
of two vapors, ozone and hydrogen peroxide, reported by SviIRBELY and STOKINGER 


Table 4 shows that hydrogen peroxide when inhaled at concentrations above 1-5 
p.p.m. with acutely noninjurious concentrations of ozone (ca. | p.p.m.) was lethal for 


some of the mice, although more than 200 p.p.m. H,O, alone are required to produce 


ric EFFECT OF OZONE-HYDROGEN PEROXDI 
OMPARED WITH EACH SUBSTANCE ALONI 


4-hr Exposures— Mice 


Mortality 
Number dead 


| exposed 


death in this species and | p.p.m. ozone can be tolerated for a lifetime of daily 6-hr 
exposures by mice (STOKINGER ef a/., 1957). Synergism of the combination of these 
two agents was likewise demonstrated in rats which succumbed to exposures of mix- 
tures containing | p.p.m. ozone and all concentrations of H,O, above 3-3 p.p.m. (not 
shown in table). This represents a remarkable case of synergism involving two 
gaseous air pollutants whose mechanism ts not dependent on physicochemical inter- 


action but is presumably mediated by a physiologic process 
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(1957) 
4 SYNER 
MIXTURES 
concentratior 2 
p.p.m.) Oc 
Numb 9/ 
H.O 
Controls Exposure to H,O, or O 
10 
0 10 
10 
| 010 
Exposure to mixture of H.O, and O 
16 0-9 +10 
0-9¢ 210 
3.3 10 710 
0-9) 010 
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The mechanism by which this synergistic action occurs is unknown. However, both 
H,O, and ozone are respiratory irritants and oxidants; both are capable of denaturing 
protein (SCHEEL et al., 1958; BLUMENTHAL, 1936). Presumably the similar, but not 
identical, action of H,O, reinforces the action of O,, producing an exalted effect 


ANTAGONISM OF SULFUR COMPOUNDS FOR OXIDANT AIR 
POLLUTANTS 
A marked antagonism for the acute lethal effects of ozone and NO, has been demon- 
strated not only for the inorganic air pollutant, hydrogen sulfide, but also for hydrogen 
polysulfide and a number of organic thiols and disulfides derived from petroleum 
(FAIRCHILD ef al., 1959). Organic sulfides and the ring sulfide compound, thiophene, 
were not found to be antagonists of these air pollutants 


TasLe 5. Errect OF SULFUR COMPOUNDS ON THE TOXICITY OF NITROGEN DIOXIDE AND 
FOR MICE 


Mortality at 24 and 72 hr is indicated by deaths number of mice tested 


Oxidant Mortality 


average concentration 
compound concentration S-Treated Oxidant a 


(p.p.m.) 


Sulfur Average 


NO Os 24 hr 72 hr 24 hr 


Hexanethiol 0/20 20 10 
20 10/2 
Methanethiol 5 15 y 
Dimethyl 
disulfide 45 3 2 5 20 
21 mg/kg* 
21 mg/kg* 
Hydrogen 
polysulfide 20 mg kg* 
Benzenethiol 14 
Hydrogen 
sulfide* 1] 
] 
* Administered by intraperitoneal injection 


An aged technical grade 


Table 5 shows the nature of the sulfur compounds that proved antagonistic and the 
degree to which they were effective against either O, or NO,. The antagonism was 
demonstrable upon exposure of mice and rats to a mixture of a sulfur compound and 
the respiratory oxidant. It is seen that hydrogen sulfide of an aged technical grade 
and presumably containing some polysulfide provided the best protection; | mol 
hydrogen sulfide was capable of protecting animals against 55 mols of NO,, but 
aromatic as well as aliphatic thiols provided good protection. The sulfur compounds 
were more effective antagonists against NO, than against ozone. Proof that the 


mechanism by which protection is afforded is physiologic and not chemical is the 


protection afforded by injection of certain of the agents shown in Table 5 
The precise mechanism by which the sulfur antagonists act is not completely clear 
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functional unit is -SH and/or —SS, but not —S—; dimethyl sulfide 

re ineffective. Significantly, -SH and —SS-— are characteristic of 
rring protection against ionizing radiation (FAIRCHILD ef a/., 1959) 
tion, however, an amino group separated by not more than three 
the S is required. Against O, and NO,, on the other hand, amino 

provided less than optimal protection. MEG (2-mercaptoethyl- 

ghly protective against irradiation effects at 200 mg/kg, gave only 

against 80 p.p.m. NO, (mortality: 8/20 protected, vs. 12/20 NO 
dentity of action in protective compounds, favors 


of action of the oxidants O. and NO, min 


VIDENCE FOR THE RADIOMETRIC EFFECTS OF OZONE AND 
SIGNIFICANCE IN AIR POLLUTION 
physiologic antagonism sulfur 
NO, and radioprotective lur con 

logic property of these air pollutants thi 


adduced that t air pollutants 


nderstandins 


own 
adiatw! 


te of developme 
ice when exposed daily to | 
netic action 
cnaracteristically 
y exposed to low O 
duced a 
equivalent dosage of peak con 


hr weekly r | year 


similar chemical structure containing and 


against effects of O,, NO, or ionizing radiation is strong 
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circumstantial evidence that the basic mechanisms of action of the respiratory oxidants 
and radiation are similar. 


This realization of the radiomimetic character of certain of the oxidant air pollu- 


tants throws new light on their toxicologic potentialities and makes more 


understandable the tumorigenic capacity of ozonized gasolines shown by KoTIN ef 
(1958) 


SUMMARY AND CONCLUSIONS 


Four distinct types of toxicologic response resulting from the interaction of 
tures of typical air pollutants have been demonstrated—a protective tolerance 
cross-tolerance, synergism and antagonism. Under the conditions of the demonstra- 
tions, these responses apply to the acute, toxic phase 

Ozone and ketene produced from a single, brief exposure an immediate, marked 
protection of varying duration in animals against subsequent, otherwise lethal ex- 
posures. Cross-protection was demonstrated likewise for O, and ketene against a 
number of other air pollutants of the oxidizing type not necessarily related in chemical 
structure. Onl mists, both motor and mineral, provided a tolerance to ozone and 
nitrogen dioxide; ANTU similarly protected animals 

A significant antagonism resulting in the protection of animals from the lethal 
effects of ozone and nitrogen dioxide has been demonstrated for a number of sulfur 
compounds derived from petroleum when inhaled in admixture. Both inorganic and 
organic sulfur compounds were effective antagonists provided they contained the 

SH or -SS— grouping; organic sulfides were not antagonistic 

An instance of pronounced synergism in rodents was found when a mixture of 
ozone and hydrogen peroxide was inhaled; levels of H,O, above 1-5 p.p.m. with 
| p.p.m. O, were lethal to some animals, a response obtained with H,O, only at levels 
around 200 p.p.m 

The mechanisms which govern these abnormal toxicologic responses of single- 
phase mixtures of air pollutants are largely unknown —H,O,-O, synergism and toler- 
ance and cross-tolerance phenomena among certain respiratory oxidants. In the 
latter instances, however, some experimental evidence points to the development of 
adaptive enzymes as playing at least a partial role. In the toxicologic antagonism of 
sulfur compounds for O, and NO,, it is believed, by analogy with the action of radio- 
protective compounds, that the sulfur compounds act as free-radical traps. In this 
connection, six experimental pieces of evidence are presented for the radiomimetic 
nature of O 

In the abnormal toxicologic responses from biphasic mixtures of air pollutants the 
physicochemical theory of Goetz provides an explanation for many of the unusua! 


results obtained with such systems 
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PHOTOCHEMICAL AEROSOL FORMATION IN SULFUR 
DIOXIDE-HYDROCARBON SYSTEMS* 


N. A. Renzetrit and Georce J. 


(Received 8 October 1959) 


Abstract—We have conducted a series of photochemical experiments in a 50-1. stirred 
study aerosol formation from different hydrocarbons in the presence of nitrogen o 
dioxide 

Irradiation by simulated sunlight of trace concentrations (p.p.m.) of the 
yielded particles in the size regime 0-1-0-3 « diameter, which by scatterin 
to visibility in the atmosphere. A large number of experiment 
1 p.p.m. nitrogen oxides, and 0-1 to 0-5 p.p.m. SO, indicated that the olefir 
only important aerosol formers in contrast to the paraffinic and aromat 


observed that the photolysis of sulfur dioxide proceeds at the rate of 0-4 per cent per 


is considerably above that observed by JOHNSTONE and GERHARD (1955). The high 
the particulate matter and low gaseous sulfur dioxide concentrations observed in th 


smog are consistent with the findings of this laboratory progran 


INTRODUCTION 


EXPERIMENTAL studies of the smog problem have been concentrated on elucidation of 


VOL. the process of photo-oxidation occurring in urban atmospheres cont 


2 hydrocarbon and nitrogen oxides. Relatively little effort has been dev: 


959/60 study of aerosol formation, pending the development of some understand 
chemistry involved. The formation of aerosols (ScHucK, 1958a; Doy.t 
a possibly important role of sulfur dioxide in aerosol formation have bee 
Strated in irradiated dilute mixtures of auto exhaust and air (SCHU' 
STEPHENS, 1958; RenzetTi, 1959). HAAGEN-Smit and co-workers (1952 

demonstrated aerosol formation from irradiated mixtures of air and cor 

of hydrocarbons and oxides of nitrogen around a few parts per mil 

In this work the cyclo-olefins were found to be the m poten 

The present study is part of a program being conducted by 

Institute under the sponsorship of the Air Pollution Foundation 

aimed at elucidating the chemistry of photo-oxidation, the 

formation, and the properties of aerosols so produced. The 

covers a preliminary study of the important parameters governing aero 


and a cursory survey of the potential of hydrocarbon types 


EXPERIMENTAI 
{pparatus 
The photo-oxidations were carried out in a stirred-flow reac 
50-1. round bottom Pyrex flask fitted with an all-glass paddle-w 
* Presented at the International Clean Air Cor 


Air Pollution Foundation 
; Stanford Research Institute 
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DIOWC ‘ to draw air from the bottom of the flask and discharge it through the 
flask 1 ' Air for the reaction mixture was drawn by means of a diaphragm pump 
| pul hed air tora rrad ation chal ber (SCHUCK | 

PISD | irca was forced throug! i bed ol activated a umina (Laboratory 
Lectrod 1 split into two metered streams One stream was passed counter! 
current tf p ‘ tream O! water tnt gh a bed of gia Raschig ring Near 
itura strea was achieved Dy adjusting the ciectric current throug! 
rapped aroul the do irean end of the bed unt temp i 
tu il end wa ipproximately equal to the ambDient T} iturated 
1 xed V the other met rea (real (thus obtar ng al all 
know 1 imidity). preheated and passed through a 5-in. by 1-5-in. bed of 
piat ia it OUD cooled in copper tubing, etered. and discharged int | 

l nonents of the reaction mixture were fed to the mixer through giass 

Capillary tut i sensitive float-tvpe flow meters from pressurized staink tec 
tank la ictant gases greatly diluted witl prepul hed nitroget I he I 
ted | flask eaicd n to a float-t pe flow mete! Ihe main air strea 
Vas ent Gg lia cause a Swirling tio! n the flask over tl capillary ts 
Dilute t <ide was introduced through a capillary jet in the throat of the flow meter 
{ snort { king t ind thus to avoid its undue Ox dation to nitrogen dioxid 
| I ponent took piace in the al al tl via 
float of the fi te The stream from the mixer then passed through an aero 
Blea: , ‘ ofan nads of fired MSA 06 class mat (YAFFE. 1956) and into the \ 

The efflu t strea iro! the reactor was taken trom the recirculating strea J 2° 
alter it Ca I the Dotto of the reactor The effluent stream was then fed to 
Variou nciuding an aerosol counter pnotomete! (O°’KONSKI, 1954 
ISUTC nt gnt-scatt ng properties, a nuc counter 
Aitken typ \ NEC 1449) and a cont ious analyzer based on colorimets 
method for ana f sulfur dioxide (HELW1IG, 1958; STEIGMAN, 1942; URone, 1951 
Pa s. 1954: Atkins, 1950; West, 195 Occasionally, a similar type of recordet 
was used for s of nitrogen (THOMAS, 1956) 

Light att 4 surements were always carried out using diluting and sheat! 
iif strea I ntiaily tne ime humidity as the t actor effluent to avoid hydrat n 
r aenydrat particies ; was done by using a closed-circuit 
counter phot ter flow contro ystem (O° KONSK 1956) where leakage was held to 
a negligib it I} ystem was vented at a known flow rate so that samples could 
be taken at a k vn rate. Before each experiment the control system was equilibrated 
by allowing air of controlled humidity to flow from the reactor through the system at 
severa I ite tor about an hou same relative humidity was thet 
used int lent experiment 

Irradiat i by means of four General Electric H 400-El mediu pressul 
mercury arc iam] placed symmetrically about the 50 reactor The radiation wa 
filtered by t Pyrex lamp envelopes and the walis of the reactor Ihe intensity 
Witt the flash as augmented by enclosing the flask with aluminium foil having four 
window Dy ¢ I Ihe resulting te! ty aistridutliol within the react 
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for the spectral power distribi f H 400-E1 
Corning filters plus t 
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approximate nature of some of the basic data 
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spectral distribution within tl 
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LEIGHTON and PerKINs’ values of the corresponding quantities for sunlight under 
representative conditions at a solar zenith angle of 0 (LEIGHTON, 1956 


result may be expected to be least accurate near 300n 
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the above-described purification train was examined by means of a 
ed spectrophotometer and analyzed by a NO-NO, recording colori- 


[he pure air contained less carbon dioxide than did the ambient air (probably 
ac 


sorption by the activated alumina) and less than two parts per hundred 


n oxides. No significant amount of impurities, such as hydro- 


ted—that is, less than 0-2 p.p.m. were present. Blank runs using 
er recorder did not indicate the presence of sulfur dioxide—that 1s, 


p.m. were present. Sulfur dioxide is probably removed by adsorption 
tower and by oxidation over the hot platinum catalyst 
yxide used was Matheson C.P. grade 


or Matheson C.P. grade. In some instances, particularly in the 


The hydrocarbons were mainly 


lrocarbons, C.P. grades of other manufactures were used. Ethyl 


rom a lot which had been purified by distillation in this laboratory 
was taken from an API standard sample ampoule 


used to pr 


The prepurified dry 
essurize and dilute the reactants was obtained from Air Reduction 
ympany 


Reactants were stored in 


Stainless steel tanks which had been washed thoroughly 


ents, dilute acid, detergent, and distilled water and then had been 


er steaming, the tanks were baked at ca. 150 C, fitted with plugs and 


baked under evacuation atca. 10-°mm. The latter step was repeated 


» tanks 


led by means of vacuum manifold coupled to a con 


usion pump. After evacuation, the system was filled with the desired 
ned static pressure. Prepurified nitrogen was then bled into the 
gh-pressure cylinder until the desired 100 psig final pressure was 


necessity of accurately measuring the rate of flow into the 1 t 


rit 
} 


e condition that these bleeder tanks contain reactants 
100 p.p.m. by volume 


al 


were freed of dissolved gases by several repetitions of the freeze 
pump arn C nique before the vapor was a owed to enter the 


systen 


per cent relati\ rough 
decrease of sulfur dioxide concentration due to photo 


tained in several experiments in which only sulfur dioxide and water 


vapor were 1 These data are given in Table | The absorption rate 
sulfur dioxide in the reactor was estimated to be 0-013 min“ calculated from the 
data of Fig. | and the absorption coefficients found by HALL and BLAceT (LEIGHTON, 
1956. p. 60) 


nbination of the average rate of photo-oxidation with this absorption 
rate gave aq tum yield f 


or sulfur dioxide consumption of about 0-3 
This rate and quantum yield were based on the assumption that the secondary 


photochemical processes are such that the rate is directly proportional to the sulfur 
dioxide concentration found by HALL and BLAcetT (LEIGHTON, 1956, pp. 50-54) under 


considerably different conditions 
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TABLE | RATE OF PHOTO-OXIDATION OF SULFUR DIOXIDE IN 5UO 


Sulfur dioxide concentration 
Rate of 


Experiment (p.p.m.) Residence 
photo-oxidat Or 


number (min) 


Influent Effluent Decrement 


0-61 0-52 0-09 27 0-006 
0-52 0-47 0-05 7 0-006 
0-28 0-27 0-01 0-002 


0-22 0-20 0-02 27 0-004 


Average 


These authors found a considerably smaller quantum yield of 0-036 at 3130A and 
25°C (dry system, Pso,= 12:7 mm, Po,=10-6). The sources of the difference are 
probably the higher total pressure, the much lower concentrations, and the presence 
of water vapor, combined with probable large errors in estimating absorption rates 
and the rate of photo-oxidation in the Institute’s reactor. If the same quantum yield 
of 0-3 is assumed for sunlight, then a photo-oxidation rate of 0-004 min“ is obtained 
for the spectral distribution in the lower atmosphere shown in Fig. 1. This is in sharp 
contrast with the rate of ca. 2 10°-° min™' experimentally found for sunlight by 
GERHARD and JOHNSTONE (1955). One factor probably contributing to this lack of 
agreement is the extreme variability of solar intensity in the region of effective sulfur 
dioxide absorption, 300-340my 


SCATTERING 


SCATTERING REFERRE 
AIR 
Us 


TO 


LIGHT 


10} 
6 0.1 0.2 0.3 04 0.5 
SULFUR DIOXIDE CONSUMED, PPM 


Light scattering as a function of the amount of sulfur dioxide photo-oxidized 


in 50 per cent relative humidity au 


Data on light scattering from the reactor effluent from photolyzing mixtures of 
sulfur dioxide and pure air of 50 per cent relative humidity are summarized in Fig. 2 
The ordinate represents the amount of light scattered, from 2 ul of aerosol, corrected 


for air scattering, divided by the amount scattered by an equal volume of air under 


the conditions prevailing in the counter photometer cell (O’KONSKI, 1956). The 
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abcissa represents the amount of sulfur dioxide photo-oxidized to form the aerosol, 
estimated by use of the experimentally determined 4-5 x 10-* min rate. These data 
are given in detail in Table 2. 

The shape of the curve in Fig. 2 is probably determined by the variation in response 
of the counter photometer with average particle size. For sulfur dioxide consump- 
tions greater than about 0-05 p.p.m., the greater amount of aerosol mass is probably 
contained in particles large enough to give a response approximately proportional to 
the square of the diameter (O’KONskI, 1956). In fact, a plot of scattering vs. the 2/3 
power of sulfur dioxide consumed is not inconsistent with the hypothesis that ap- 

mber of particle izes greater than ca. 0-24 (GUCKER, 1955) 

> consumption exceeds p.p.n Apparently, when the con- 
- transition region where scattering 1S 

ywer response. In addition, the 


in this region. 
DIOXIDE CONCENTRATION DATA 
XIDATION IN 4S R.H. AIR 
r dioxide data (p.p.m.) 
Residence 
Influent 
Increment 


> 
Measured Calculated 


NI NI 0-01 
NI] NI 0-02 
NI I NI 0-03 
NI NI 0-03 
NI NI 0-03 
NI 0-03 
NI 0-03 
NI 0-03 
0-02 0-02 
0-02-0-29 0-06 

0-00-0-26 0-06 1080 

0-06 NI 

0-00-0-19 0-06 NI 

0-09 0-07 NI 

0-14 0-11 <2 NI 

0-3 0-11 5 1190 

0-00 0-25 3 1730 

0-18 95 NI 

0 ‘ 3990 


0 NI 


4 


4 


4 


4 


4 


4 


4 


4 


4 


4 


4 


4 


l 
l 


tw 
4 


ilculated from the partial pressure of sulfur dioxide in the stainless steel reagent 
to the muxer 
1 were occasionally very inaccurate and indefinite because 


ol the sulfurd rder. On those occasions 


sponse 


when it \ tt rht that the recorder w t fault, greater re > is placed on the calculated concentrations 


Indicates that the light ittering was Vvarving in a la periodic 1 nner ar © Value given Is ihe peak 


of the variation and that the minimum value is of the same order of magnitude as the peak. 


partic 
number 
a Fron — Total referred | Count 
tank data* to air 
— Vi 
ll 7 0-11 
11 A-2 7 0-30 1959 
SA-2 7 0-47 
6 A-2 7 0-47 
6 A-4 7 0-47 
7 A-2 7 0-47 
7A-4 7 0-47 
7 A-5 7 0-47 
14 AS-1 27 NI 0 
17 AS-2 27 0-5 0-¢ 
17 AS-3 27 0-5] 0-¢ 
17 AS 27 0-5] 0-¢ 
17 AS-6 27 0-5 O-¢ 
I9 AS 27 NI 0 
16 AS-S5 27 1-02 
16 AS-6 27 1-02 
16 AS-2 27 2:27 
16 AS-3 27 2:27 
15 AS-2 27 4-49 
15 AS-3 418 
NI means no information 
vy These concentrations were ca 
of wall sorp efiects and TUNCHION SIOW 
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The importance to air pollution of photo-oxidation of minute amounts of sulfur 
dioxide to sulfuric acid aerosol can be brought out by a simple calculation which 
shows that the complete conversion of 0-05 p.p.m. of sulfur dioxide to aerosol at 
50 per cent relative humidity will result in a mass loading of ca. 460ug/m* of ca. 
43 per cent solution of sulfuric acid. A loading of this magnitude can lead to a signifi- 
cant reduction of visibility, as supported by the measured light scattering shown in 
Fig. 2. 

The size distribution of particles above the counting threshold of the counter 
photometer are shown in Fig. 3 for three of the higher influent concentrations of sulfur 
dioxide. The size scale is in terms of polystyrene spheres used to calibrate the counter 
It is obvious that a considerable number of optically significant particles were present 


and that the number increased with increasing amounts of sulfur dioxide consumed 
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AT CHANNEL 
0.25 
Particle size distributions of aerosols produced by photo-oxid 


sulfur dioxide in 50 per cent elative humidity air 
A separate experiment was carried out in which both light-scattering concentration 
and condensation nuclei (for water) concentration were followed as a function of time 
after the light shutters were opened. The result is shown in Fig. 4. A great number of 
nuclei appeared immediately and then decayed to an intermediate value while the 


light scattering increased steadily. The steady-state consumption estimated for this 


4.5 PPM. 27.5 MIN RESIDENCE TIME 
49 bpm SO, REACTE 
2 7 MIN RE ENCE TIME 
2 PPM 7 5 MIN RE DENCE TIME 
r-o-+ REACTE 
+ PY 75 WIN RE ENCE TIME 
R 
Ley 
j 7 
z 
a 
a 
w 
a 
a 
z 
ro 
| 
CHANNEL NUMBERS, GET PARTICLE DIAMETER 
Fic. 3 


334 N. A. Renzettri and Georce J. Doyu 


experiment was 0-02 p.p.m., which lies in the transition region of Fig. 2 


é It is evident 
that a great many particles of very low light-scattering ability—that is, very small dia- 


40 


TIME. MINUTES 


ght scattering with tin nt from photo-oxidized mi 
SO per cent relative | r (residence time 18 min) 


‘re present. Combination of the est 


estimated sulfur dioxide consumption wit! 

i count indicates a sulfuric acid content of 1-24 x 10-'° g per particle. If the 

assumed to have a density of 1-34 g ml and to consist of a 44 per cent solu 


acid in water, then one obtains <d*>!*-~0-16z in which d = particle 


nce this value represents the third moment of the size distribution, the 


s probably much less than this figure. This suggests that the photo 
oxidation very smal 


amounts of sulfur dioxide can supply ample acidic nuclei for 


either physical or chemical condensation of other materials present in the atmosphere 
Only one expe! 


ment in this series was carried out to determine the effect of water 
vapor on sulfur dioxide photo-oxidation. The data 


are given in Table 3. Un 
fortunately, n¢ 


» measurements of effluent concentrations were made during this 
sequence of experiments to observe possible effects on the photo-oxidation rate. The 


effect on light scattering was striking, as Table 3 indicates 


Taste 3 INCENTRATION DATA SHOWING EFFECT ' 


on, 047 p.p.n estimated sulfur dioxide 


and still decreasing) 


9-0 


Photo-oxidati« the separate presence of nitrogen oxides and hydro 
carbons 
Nitrogen 


In one set of experiments nitric oxide (1 p.p.m.) was added to 
several photo-oxidizing mixtures of SO, (0-5 p.p.m.) in 50 per cent R.H. air. There 
were some indications that the formation of aerosol was hindered by nitric oxide 
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— 
= 
<q 
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4 
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ri 4 Variat nucie! and xture of 
0-24 f lioxide wit}! 
eter, we 
tne nucic 
particic 
tion Of SUTrart 
diameter. Si 
ama 
as 
RELATIVE HUM Influent sulfur dioxide concentra ti 
consumption 0-033 p.p.n residence time 17 min) 
Experiment 
number Relative humidity Light scattering 
6 A-? so 5.9 
6 A-3 0 0-73 
6 A-4 50 
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However, more experimental work will have to be carried out before a definite con- 
clusion can be reached. 

The addition of nitrogen dioxide to irradiated mixtures could enhance the oxidation 
of sulfur dioxide and increase the resultant light scattering because a rate constant of 
3 x 10'° > mole~* sec™' has been reported for the reaction 


SO, +O +M-+SO, +M 


Iwo experiments (0-14 p.p.m. SO,, | p.p.m. NO,) gave qualitative indication of an 
effect of this sort 

Hydrocarbons. A few experiments in which butadiene or pentene-1 (3 p.p.m.) was 
added to photo-oxidizing sulfur dioxide (0-3 p.p.m.) indicated that the addition of 
these olefins has a strong suppressive effect on the production of light-scattering 
aerosol. Possibly the olefins interfere with the chemical reactions and or with the 
physical process of aerosol formation 
Enhancement of aerosol production and of sulfur dioxide photo-oxidation 
photo-oxidation of 2-methyl 2-butene with nitric oxide 

4 fairly extensive investigation was made of the enhancement of aerosol production 
and of sulfur dioxide photo-oxidation by co-photo-oxidation of 2-methyl 2-butene 
with nitric oxide. These experiments were carried out at 50 per cent relative humidity, 
keeping the nitric oxide concentration at 1-0 p.p.m. Residence time, sulfur dioxide 
concentration and hydrocarbon concentration were varied. The data are 
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Some cuts through the dimensional space of the 


with light scattering in the absence of hydroca 


lable 4, and some cuts through the data are illustrated in Fig. 5. The light 


predicted for photo-oxidation of sulfur dioxide alone (see Fig. 2) is also shown 


il 


to bring out the marked enhancement resulting from photo-oxidation of the hydro- 


carbon. It is interesting to note that as much light scattering can be produced with 
0-2 to 0-5 p.p.m. of hydrocarbon as with 0-5 to 3 p.p.m., provided that sufficient resi- 


dence time is allowed for the reaction (same concentration of nitric oxide and sulfur 
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Fic. 5 


N. A. Renzetri and Georce J. 


amounts of sulfur dioxide led to increasing light scattering 
ffect will saturate due to interference by sulfur dioxide with the 


yxidation as indicated in the lower right-hand graph in Fig. 5 
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lhe increase in light scattering is most marked at the lower sulfur dioxide concentra- 
tion This probably results from the afore-mentioned transition in photometer 
response from diameter to the sixth power to the square of the diameter with increas- 
ing diameter which renders the method most sensitive to changes at low sulfur dioxide 
concentrations. However, the changes are good measures of the optical importance 


of the particles produced 


dioxide). Increasing 
Perhaps this latter « 
4. PHOTOLYSIS OF MIXTURES OF 
NITRIC OXIDE, AND PUR 
Influent concentra Effluent data 
p.p.n Particle 
Re ence Light count SO, concentration 
irradiation SO H¢ NO scattering (mi-*) p.p.n 
A 0-094 ?9 0-9¢ 6-2 242 NI 
) AS.3 0-11 0-49 0-98 NI NI 0-11 
AS4 0-49 ()-9®8 NI 0-0! 
0 0-49 NI Nl 
{) 0-49 NI NI 
0-11 0-49 0-98 §-2 NI NI 
0-1 0-99 6-4 NI NI 
{) NI NI 
) 0 Nl NI 
4 0-98 NI NI 
4 ()-98 4 NI Nl 
0 0-98 NI Nl 
4 ) 29 0-9¢ $90 NI 
‘ 4 29 RYE NI 
0-4 0-9¢ 24 NI NI 1959, 
: 0-47 29 0-9¢ 0-00 NI NI 
. 0-4 9g ) NI 
0-4 0-9¢ +58 None 
0-52 29 ()-9¢ NI NI 0 
S.4 0-52 29 0-9¢ NI NI 0-40 
14 0-50 ) 0-00 Nl NI 
44 0-10 0-50 NI NI 
14 0-10 0 NI 0-00% 
4 44 0-10 34) ) NI 
4 44 0-47 3-0 0 22:3 1028 NI 
84 0-4 2-9 0-9¢ 1200 NI 
? a4 0-4 0-9¢ NI NI 
NI means no informat 
Subsequent t expe ent 8A-2 the humidifier was bypassed During experiment 8A-3 the relative 
humidity was approaching 0-0 per cent 
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The particle count tends to parallel the light scattering in those cases whe 
measured. The count per size class rose steeply with decreasing particle 
manner similar to that observed in distributions in irradiated automobile exhaust 
(Doy.e, 1958). The background of larger particles observed in the latter case was 


absent because the reaction mixture was filtered 


INIT OF CHANNEL WIDTH 
SCALE 


LOGARITHMK 


PER ARBITRARY 


JOUNT PER wi 


CHANNEL NUMBERS 
6 9 0 4 
DIAMETER SCALE. ARBITRARY 
4= 
Fic. 6. Contrasts in counts per n ter and articl re distribution between 


by photolysis of 3 p.p.m. 2-methylbutene-2, 1 p.p.m. nitric oxide, and 0-5 p.p.n 


in dry and in humid air 


Experiment No. 8 A-3 (see Table 4) was a deviation from the experimental plan 
The humidity was allowed to decrease, and as it decreased the light scattering decreased 
and the particle size distribution changed, as shown in Fig. 6. It is evident that 
humidity has a marked effect, which is currently under investigation 


TABLE 5 DATA SHOWING INCREASED RATE OF CONSUMPTION OF SULFUR DIOXIDE 


DUE TO PHOTO-OXIDATION OF 2-METHYL 2-BUTENE BY NITRIC OXIDE 


SO, in Calculated 


effluent dis- photo- 


Influent 

concentration 

Experi- nce pn concen- appearance oxidation 
ment time tration rate rate 


number mi H¢ NO SO, (p.p.m.) | (p.p.m./mui (p.p.m./min) 


AS-4 0-98 O11 0-01 0-0059 0-00046 
AS-4 2 0-96 0-52 0-40 0-0070 0-0022 
1-0 0-10 ~)-005 0-0022 0-00038 
1-0 0-10 ~0)-005 0-0022 0-00038 
1-0 1-0 0-45 0-012? 0-0038 
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Additional data on those Table 4 experiments in which measurements of effluent 
sulfur dioxide were made are shown in Table 5. Values of the rate of sulfur dioxide 
disappearance are compared with the rate predicted from the SO, photo-oxidation 
rate (Table |) to illustrate that the photo-oxidation of the hydrocarbon accelerates 


the rate of disappearance of sulfur dioxide 


Nucle o-photo I 1g mixtures of olefin, nitric oxide and sulfur dioxide 

An attempt was made to duplicate in a synthetic system the results obtained with 
rradiation of auto exhaust from olefin and sulfur-containing fuels (ScHUCK, 1958b) 
For this purpose a mixture of 3 p.p.m. 2,3-dimethyl 2-butene, | p.p.m. nitric oxide, 
and 0-1 p.p.m. sulfur dioxide air was irradiated in the reactor with 50 per cent relative 
humidity at a residence time of 27 min. Light scattering and nuclei in the effluent 


~ach measured as a function of time. The results are shown in Fig. 7 along with 
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ATTERING REFERRED TO AIR 


A 


NUGLE! PER GM”, LOGARITHMIC SCALE 


LIGHT S¢ 


. 10 20 30 40 50 60 80 100 
SHUTTERS OPEN TIME , MINUTES 

Fic. 8. Nuclei and light-scattering data on the effluent from a photo-oxidizing mixture of 


cyclohexene and | p.p.m. nitric oxide in 5O per cent relative humidity air (residence time 2 


The production of light-scattering aerosol from irradiated hydrocarbon-nitri« 
mixtures both in the absence and in the presence of sulfur dioxide 

A cursory survey was made of the efficacy of various hydrocarbon types in producing 
aerosol under irradiation. Most of the hydrocarbons chosen are representative of the 
more common types expected to be found in polluted atmospheres. The following 
fixed conditions were chosen for this study: 3 p.p.m. hydrocarbon, | p.p.m. nitric 
oxide, 50 per cent relative humidity, and 27 min residence time. These conditions 
were deviated from in some experiments but were adhered to in at least one experiment 
for each hydrocarbon. Influent sulfur dioxide, when used, was generally in the range 
of 0-03-0-3 p.p.m 

lhe results obtained in the absence of sulfur dioxide are shown in Table 6. Among 
the hydrocarbons tested, only branched-chain internal olefins, cyc/o-olefins, and diole- 
fins were definitely capable of producing light-scattering material under these con- 
ditions. Of these, only the cyclo-olefin—in this case, cyclohexene—showed light- 
scattering values comparable with those produced by some hydrocarbons in the 
presence of lfur dioxide 4 very small amount of scattering was shown by I- 
pentene, but the amount was so small that the possible effect of impurities in the 
mixture cannot be disregarded 

The effect on the observed light scattering of adding sulfur dioxide to these same 
mixtures is shown in Table 7. The olefins tested, including cyc/o-olefins and diolefins, 
were active in accelerating the disappearance of sulfur dioxide. The light scattering 
from irradiated mixtures of the olefins and diolefins was strongly enhanced by the 
addition of sulfur dioxide. Ethylene produced an uncertain marginal effect, probably 
related to its known low rate of photo-oxidation. The addition of sulfur dioxide to 
the irradiated cyclohexene mixture had no large effect on the already large light scatter- 
ing, although the upper limit of the range of variation was apparently increased from 
about 11 to about 23. Some of the saturated hydrocarbon and p-xylene nitric oxide 
mixtures apparently suppressed the appearance of aerosol completely. There are 
strong indications that some of these same mixtures may have enhanced rather than 
suppressed sulfur dioxide disappearance at the same time that no appreciable aerosol 


was being produced. This points to the presence in these systems of processes other 
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ATTERING AND TOTAL PARTICLE COUNT OBSERVED IN PHOTO-OXIDIZED MIXTURES 
HYDROCARBON AND |! p.p.n NITRIC OXIDE WITH 50 R.H AIR 


Light Light 
Residence scattering Particle scattering at 
time rre count time 


count 


NI 
NI 
NI 
NI 


NI 


NI 
NI 
NI 
NI 
NI 
NI 
NI 
NI 
NI 
(transient 


peak) 


(peak of 
light scattering) 
NI 
NI 


NI 
NI 


NI 
NI 
NI 
NI 


NI 


sulfur dioxide to sulfuric acid. Methane, 2.3-dimethy! 
sropane, |-buty al benzene—nitric oxide mixtures had no great effect on the 
proy 


photo-oxidation of sulfur dioxide and the associated production of aerosol. Toluene 


and ethyl benzene may have strengthened the light scattering slightly, but there was 


unced acceleration of sulfur dioxide disappearance 


ments were performed under arbitrarily fixed conditions 


it is probable that there are conditions under which 
duced with and without sulfur dioxide in the presence of some of 
arbons However, the results summarized above do bring out the 


efins in this phenomenon 
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Hydrocarbor (min) to ait per ml | 
+4 AS Methane 27 0-00 NI 
44 AS Pentane 27 0-00 NI 
AS >. Methyibutane 27 0-00 NI 
AS 2-Dimethy! propane 97 0-00 NI 
AS pentane 27 0-00 NI 
49 AS Et ene 27 0-00 NI 
25 AS Pentene 27 0-04 NI 
23 AS 2-Methy! | propene 2 0-00 NI 
| A-l butene OOO NI 
18 AS Trans-2-butene 27 0-00 NI 
2 AS Tras )-butene 27 Ow) NI 
2 A-2 2-Methylbutene-2 17 0-22 4 
3 A.? >. Methvit itene-2 17 0-60 NI 
29 AS 2, 3-Dimethy!butene-2 27 0-19 NI 
AS > 3-Dimethvibutene-? 0-20 NI 
27 A ( hexene 27 0-26(ss) 179 
22 AS hexene 7 290 
Ar 
1959, 
31 AS hexene 10-8 NI 
41 AS 97 g.9 4:2 NI 
22 AS Butadiene 27 0-38 NI 
47 AS Butyne 27 0-00 NI 
42 AS Benzene 27 0-00 N] 
AS Toluene 27 0-00 NI 
48 AS Ethyl benzene 27 0-00 NI 
40 AS p-X viene 2 
Mi no matior 
Since all of these exper! (ee 
with no r feu 
acroso!l Can De p 
inactive hydroc 


TABLE 7. LIGHT SCATTERING AND TOTAL PARTICLE COUNT OBSERVED IN PHOTO-OXIDIZED MIXTURES 
OF 3 p.p.m. HYDROCARBON, | P.p.m. NITRIC OXIDE, AND SULFUR DIOXIDE WITH 50°, R.H. AIR 


Sulfur dioxide Particle 
concentration En- Light count 
Residence (p.p.m.) hance- | scattering = 
Experiment | time ment | referred Light 
number Hydrocarbon (min) Influent Effluent? | ratio* to air cm-* scattering? 


44 AS Methane 27 0:03-0:10 0-00 8-9 0-00 NI 
44 AS | Methane 0-14 0-14 1:80 NI 
34 AS n-Pentane } 0:03-0:10 0-00 : 0-00 NI 
34 AS -Pentane 0-14 0-15 0-00 NI 
32 AS Methylbutane ] 0:03-0:10 0-01 0-00 NI 
33 AS Methylbutane 0-03-0-10 0-01 <f 0-00 NI 
35 AS 2-Dimethyl propane 0-03-0-10 0-00 ( 0-00 NI 
35 AS 2-Dimethyl propane 0-14 0-01 0-22 NI 


~ 


bv 


38 AS yclopentane 0:03-0:10 000 | 0-00 NI 
38 AS yvclopentane 0-14 -0-08 <3 0-00 NI 


49 AS Ethylene (6 p.p.m.) 2 0-03-0 0-00 ' 0-06 NI 
49 AS Ethylene (6 p.p.m.) 0-14 0-16 2-70 NI 
25 AS 1-Pentene 0-27 0-14 3 | 7-7-13-6 
23 AS 2-Methyl 1|-propene 2 0:27 0-19 20— 69 
1 A-2 Trans 2-butene 0-47 NI N 16 
18 AS Trans 2-butene 0-61 0:36 16°1 
21 AS Trans 2-butene 0:27 0-00 > 10-5 
21 AS Trans 2-butene ] 0-39 0-29 16°1 
2 A-3 2-Methylbutene-2 0-47 NI 6-4 
3 A-3 2-Methylbutene-2 0-09 NI 62 
3 A-4 2-Methylbutene-2 0-19 NI 11-8 
3 A-5 -Methy! 2 0-47 NI 18-3 
29 AS 3- 0-27 0-00-0:11 20— 6:3 
30 AS - 0-09 0-00 


28 AS yvclohexene / 0 27 06 
31 AS Cyclohexene 003-0 0-00 


22 AS 1, 3-Butadiene 0:27 0-15 


47 AS 1-Butyne 0:03-0:10 0-00 
47 AS 1-Butyne 0-14 0-14 


42 AS Benzene 
42 AS Benzene 
50 AS Toluene 
50 Toluene 0-14 0-05-0:35 
48 AS Ethyl benzene 0:03-0:10 0-00 
48 AS Ethyl benzene ? 0-14 0-16 
40 AS | p-Xylene 0:03-0:10 0-00 
40 AS p-Xylene 0-14 0-08 


0:03-0:10 0-00 
0-14 -0-13 
0-03-0:10 0-00 


NN 


Nw 


NI means no information 

2 Measurements of effluent sulfur dioxide concentration and values of the enhancement ratio calculated from these 
measurements are in considerable doubt, particularly at the lower influent sulfur dioxide concentrations because 
of difficulties in establishing and measuring low concentrations in the apparatus. The enhancement ratio ts the 
ratio of rate of disappearance of sulfur dioxide to that expected from sulfur dioxide photo-oxidation alone and 
can be no greater than 8-9 at a residence time of 27 

© This column gives light scattering at the time the count was made. 


min if the photo-oxidation rate is 0-0046 min- 


78 
1-6 
~16 
VOL. 6-4 
2 6-2 
c 11-8 
599/60 18-3 
20 
~6-9 3-8-23-4 129 6-4 

8-9 | 6413-1 NI 
69! 167 | 509 13-8 

0-00 NI 

0-0 0-11 *NI 

8-9 0-06 NI 

0-0 0-98 NI 

0-00 NI 

? 2-00 NI 

8-9 0-00 NI 

0-0 2-70 NI 

0-00 NI 

3-8 0-00 NI 


Vi 
1959 


Photochemical Aerosol Formation in Sulfur Dioxide-hydrocarbon Systems 343 


The authors prefer to neglect (7) pending proof that ozone can be formed. This 
mechanism, plus the observed independence of oxygen concentration, requires a 
quantum yield of 2 in contrast with the fractional yields actually observed. This 
inconsistency can be avoided by taking advantage of some recent developments in the 
theory of electronically excited AB, molecules 

Molecular orbital calculations by WaLsu (1953) indicate that the first excited 
electronic state of sulfur dioxide is a “ bent” state, having a different O-S-O bond 
angle than the ground electronic state. By the Franck—Condon principle, then, the 
absorption of radiation by sulfur dioxide promotes it into a highly excited vibrational 
State of the second electronic level, thus complicating somewhat the process repre- 
sented by (1), (2) and (3). This vibrational ground state can probably be identified 


with the reactive species of reactions (4) and (6) and we can write 


hnv—SO,** 


sO,.** -SO, by various processes 


by various processes 
by various processes 


The bent state can probably be considered to be a biradical having 
electron in a sulfur sp* orbital, thus facilitating reaction (6). The onl 
relative rates imposed by experimental findings is that reaction (6) be n 
than the net rate of processes (12) at oxygen pressures greater than 
Therefore, the bent ground state is sufficiently stable with regard to 
activation and spontaneous or induced radiation so that it reacts near 
with oxygen at these relatively high oxygen partial-pressures and at total pre 
ranging from 0-1 to | atmosphere. Considerably more work is indicated o1 
photodismutation and photo-oxidation of sulfur dioxide before the mechi 
be stated in detail with confidence 
The work described in this paper suggests that the reaction 
SO, + NO-+SO, + NO (13) 
takes place, thus accounting for the possible suppressing effect on the sulfur dioxide 
photo-oxidation rate by nitric oxide 
In the presence ol photolyzing nitrogen dioxide, both reaction (13) and the reaction 
M +SO, +O--SO, +M (14) 
must be considered 
Sulfur dioxide at parts per million concentrations cannot compete so successfully 
with molecular oxygen in air for oxygen atoms as to account for the observed enhance- 
ment of dioxide consumption by co-photo-oxidizing olefin—nitric oxide mixtures 
Therefore, reaction (14), plus 
(15) 
and 
0+0,+M--O M 
plays only a minor role (R,,~™3 « 10° (SO,) (QO) p.p.m. min“', R 1-2 p.p.m 
min~',* R,.~1-4 10° (O) p.p.m. min“ with air at atmospheric pressure 
This nitrogen dioxide photolysis rate was 


HA.t’s values of the absorption coefficients and quant 
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s partially converted to nitrogen dioxide during the photo- 


therefore, look elsewhere for the responsible reactive species 
ay write speculatively 


RO SO. —-RO 


Ill. Aton 
27.11% 


roge 


H. | 


(1955) The respor icrosol partic! 
P. “tion Svinpe j 4 Pasadena, ¢ 
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144 
oxidatior Wi 
SO... (17) 
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lir I Perga Pre 160. Vol. 2, pp. 346-356. P Great Brita 
Technische - Verein, Esser 
Re ed 3 December 1959) 
Der Beitrag befalt sich mit den Bemithungen zur Verringerung der Luftver 
schmutzung in Westdeutschland, speziell mit der Arbeit der “ Kommission Reinhaltung der Luft 

De tf Anreg g der Interparlamentarischen Arbeitsgemeinschaft gegrundeter Kommiussior 

Reinhaltung der Luft ” gehéren Vertreter aller an der Luftverschmutzung interessierter Kreise an, und 
vertreten. Die Kommission arbeitet fiir jedes Verschmutzungsproblem “ Technische Richtlinier 

n weichen M r Vert gerung der chmutzung zusammengestellt nd issize 
Verbindlichkeit gebe Diese Regelung hat den Vorte lab die Richtlini mit Gem < 
neuer Erfahrung einfacher Weise dem jeweils neuesten Stand der Wissenschaft und Technik LI59/ 
ingepabt w en, onne die Maschinerie d Cesetzgedung DemuNt werdel! 

I Sinne des hut lie Beurteilung der Zuldssigkeit eines Au fe hadigend 
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Werte ” Imn ns-K entra nswerte 

3. Studium der Aushreituns Gasen und Stdube iin hdre, insbesondere des Zusammet 
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Missi eitung von Richt w Au d rechnu 
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eranlagen, Zementwerke und andere) Manahmen zur Auswurfverringerung enthalter 
zuldssigen Auswirfe begrenzen. Eine Reihe weiterer Richtlinien fiir Auswiirfe industrieller 
Hausbrand und Kleinfeuerungen stehen vor der Fertigstellung, ebenso auch Richtlinien f 
Konzentrationen schadlicher Stoffe in der Atemluft (Schwefeldioxyd Schwefelwasser 
nitrose Gase) Auch die ersten melitechnischen Richtlinien und vorldufige Richtlis 
Anwendung der Ausbreitungsrechnung gehen ihrer Vollendung entgegen 

Das entsprechende Rahmengesetz ist inzwischen vom Bundestag verabschiedet worder 


der Anwendung der “ Richtlinien ” nichts mehr im Wege steht 


Abstract The paper reviews the efforts made in Western Germany to reduce air poll 
describes the work done by the ** Commission for Clean Air and its achievements to da 

On the initiative of the “ Interparliamentary Working Party ’’, the Commission for Clean A 
formed in 1957. On it are represented the main producers of air pollution and also those who 
from it, as well as scientists and technologists The Commission elaborates technical Reg 
in which measures for reducing pollution are given an imum permissible concer 
defined 

4 general covering act ensures that these regulations have the force of law 

This has the advantage that the regulations can, from time t ime, be altered so a 
continuously the latest stage of knowledge in science and technology without having to 
time, the machinery of passing a new law 

As far as possible, the permitted concentrations ol ma ils which are harmful 


| 


nuisance (emission) are based on their eff 


ects elsewhere and are hence based on pert 


centrations in the neighbourhood of the source The actual concentrations of pollutior 


called the immissior 


The Commission has worked 


Study of methods of measuren 
lations defining uniform and 
Study of the effects of the differ 
tions covering maxin 
Konzentration) 


Study of the dispersal of gases ; lust int itmospher n particular the rel 


emissior ind concentrati ourhood (immussion) Reg ilation 
dispersio! pollutants 
Study ol Poss bilities for 


covering emission conce ned under (2 
In many detailed parts this 
Germany or 
programe j earcn was set up 
knowledge in the ir sections descr 
The paper descrides in which fields work 
flort 
reducing en 
important 
Further regulat ns a nearly 


installations and permissible concer 


sulphide and nitrous oxides) 
for calculating dispersion 
The correspor ine COVeriINng ge! 


ment so that the w: 


ENTSTEHUNG UND ZUSAMMENSETZUNG DER 
KOMMISSION REINHALTUNG DER LUFI 


NACHDEM die Diskussion uber die Luftverunreinigung in der Offentlichkeit 


breiteren Raum eingenommen hat, griindete der * Verein Deutscher 


347 
na lie 
na 
te 
| ent for the different < ymponents of e1 sion or it - Reg 
ficiently reliable r thods of measurement 
2 nt materials emitted on organisms and building mater Reg 
VOL. ted concentrations in air (Mik values = maxin missic 
59/60 
‘ 
4 Reg 
| 
er Act ha n the time, been p j the Fed G 
or enforcing e reg ow cl 


K leingewerb 
Hau 
Zellstoft 


Papierindu 


Glasindustrie 


Grebereiwese! 


Bundesbahr 

Kokere 

Raffinerier 
Olfeuer 


KARL SCHWARZ 


der “ Interparlamentarischen Arbeitsgemeinschaft’’** im 
AusschuB Reinhaltung der Luft in der VDI-Fachgruppe Staub 
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Verbesserung der Verhiltnisse und zur Sicherung einer wirksamen Luftkont: 
auszuarbeiten. Da sich sehr bald herausstellte, dais seine Arbeiten weit 
Gebiet der Staubtechnik hinausgehen, wurde der AusschuB 195 
** Kommission Reinhaltung der Luft” unter Hinzuziehung 
Problem interessierter Kreise umgewandelt, deren Federfiihrung 

In der Kommission wirken u.a. Sachverstandige folgendet 
Stellen mit 


Deutsche Gesellschaft fiir Hygiene und Mikrobiologie—Gesellschaf 
Chemiker 

Deutscher Wetterdienst—Gesellschaf 
Steinkohlenbergbauverein-Technische 
Eisenhittenleute—VDI-Fachgruppe St 
sitzer 

Wissenschaftler von Hochschulen und Institutet 
Landwirtschaft, Medizin, Meteorologie, Physik, Techn 


Bundesverband der deutschen Industrie (verschiedene Inc 


Bundesbahn trabenverkehr 
Deutscher Bauernverband—Kommunale Spitzenverbind 
Ruhrkohlenbezirks 


Zustindige Ministerien—behOérdliche Uberwachungsorgane 


Den organisatorischen Aufbau der Kommission zeigt Bild | 


ARBEILTSGRUNDSATZI 


Bei der Aufnahme der Arbeiten mullite sich die Kommission mit einige 


sitzlichen Fragen auseinandersetzen. Dazu gehédrten die Entscheidungen 


(a) uber die irt der zu schaffenden Vorschrif te hl. 
(b) tiber den Umfang derselben und endlich 


(c) uber den Ausgangspunkt fir die Beurteilung von Luftverschmutzern 


Zu (a): In der ersten Frage kamen uns die Erfahrungen zugute, die man im 
mit gesetzlichen Mabnahmen zur Verbesserung der Luftverhaltniss« 
hat. Es hat sich gezeigt, dal} ein so heterogener Fragenkomplex sich 

zu eignet, in den starren Zwang eines umfassenden Luftreinheitsgesetzes 
festgelegten Beurteilungsvorschriften und Begrenzungswerten ei 
pabt zu werden. Eine derartige Regelung sich notwendigerwe! 

der weiteren Entwicklung entweder hemmend auf den technischet 

schritt auswirken, sie fuhrt zu des 

Gesetzes. Wir haben daher den Weg tuber die Schaffung “ technischer 

Richtlinien ” eingeschlagen, die fiir jedes einzelne Verschmutzungs problem 

dem jeweiligen Stand der Wissenschaft und Technik entsprechend auf- 

gestellt werden und die im Rahmen eines zur Zeit vom Deutschen Bundes- 
tag bearbeiteten Gesetzes zur Verbesserung des Nachbarschutzes (1) die 


nétige Verbindlichkeit erhalten sollen.t Mit dem Gewinn neuer Erfahr- 


+ Das Gesetz ist inzwischen vom Deutschen Bundestag verabschiedet worden 


Der Wortlaut ist in (1) enthalten 
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irdeitung 
Zu LD htliche Schutz des Nachbarn bezieht sich auf die Wirkungen det 
ten Stoffe auf das Nachbargrundstiick, also auf die Wirkungen, d 
Scic es Gasc Flussigkeitstri pichen oder Staéube) aus 
Die Kommission hat sich entschlossen, w rgend médglich, der 
chtlich exakten Weg « ischiag d die In } wm Ausga punk t 
Beu nt mutzu fragen Zu machet Mit diesem Ent 
Art Beurt riangt 
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daher mit dem Problem der Ausbreitung von gas- und staubférmigen Emissionen 
in der Atmosphdre. \hr Ziel ist die Erméglichung eines Riickschlusses von det 
zulassigen Immission auf die zulassige Emission bzw. die Festlegung der Aus- 
wurfbedingungen (Auswurfmenge und Konzentration, Schornsteinhéhe, Aus- 
trittsgeschwindigkeit), die eingehalten werden miissen, wenn eine bestimmte 
Grenzimmission nicht Uberschritten werden soll 
Endlich sind die Auswurfbedingungen fir die einzelnen Emittentengrupper 
zuarbeiten, welche eingehalten werden miissen, um mit den vorhandenen 
nischen Mitteln die mit Riicksicht auf die Wirkung der Emission zu ste 
Forderungen zu erfilllen. Hierzu gehért auch das Studium der Méglichkeiten 
bei den verschiedenen Fabrikationsverfahren die Anteile schddlicher oder 
belastigender Gase und Stéube in den Abgasen herabzusetzen bzw. neue Zusat 
verfahren zur Abscheidung dieser Stoffe auszuarbeiten 

Das Arbeitsprogramm der Kommission wird also im wesentliche 
vier Arbeitsgruppen 

1. Meftechnik, 
ll. Zuldssigkeitswerte fiir die Immission 
Il. Zusammenhang zwischen Emission und Immissior 


durchgefihrt 
Diese Ubersicht zeigt, wie verschiedenartig die Aufgaben sind und welcl 


Gebiet der Wissenschaften sie umspannen 


Verbindliche Vorschlage fiir die Begrenzung des Auswurfes von Industrieanlas 
kénnen erhebliche wirtschaftliche Folgen fiir die betroffenen Industrien habe 
ist daher nur billig, dab stichhaltige und gesicherte Unterlagen fiir die Beurteilu 
jedes einzelnen Emissionsproblems gefordert werden. Bei Inangriffnahn 
beiten war es daher zunichst notwendig, fiir die behandelten Auswurfprobleme den 
derzeitigen Stand der Wissenschaft und Technik festzustellen und darauf alle weitere 
Arbeit aufzubauen. Zur Erfiillung dieser Forderung wurde der folgende Weg 
beschritten 
(a) Zur Mitarbeit werden sowohl die einschlagige Wissenschaft (Hochschulinstitute 
Forschungsanstalten, Wissenschaftler) als auch die Praxis (Hersteller und 
Betreiber, Uberwachungs- und Beratungsorganisationen) herangezogen 
(b) Allen Arbeiten geht ein sorgfaltiges Studium der Literatur sowohl des In- als 
auch des Auslandes voraus. Wo es notwendig oder erwiinscht ist, wird der 
Kontakt mit in- und auslindischen Forschungsstellen und Forschern aufge- 


nommen 


Das Studium der einzelnen Probleme zeigt, wo noch Liicken in unserer Erkenntnis 
offen sind. Hier miissen Forschungsarbeiten einsetzen. Es ist Aufgabe der Kommis- 
sion, die zu lésenden Probleme klar herauszuarbeiten, geeignete Forschungsstellen 
oder Forscherpersénlichkeiten fiir die einzelnen Probleme zu finden und alle diese 
Arbeiten mit unseren Arbeiten und den Arbeiten anderer, auch auslandischer Stellen 
zu koordinieren und—nicht zuletzt—fiir die Finanzierung zu sorgen 

So entstand die Forschungsgruppe, die die Forschungsarbeiten betreut und ko- 
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THE RE-ENTRAINMENT OF SETTLED DUSTS 


R. A. BAGNOLD 
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Abstract—The re-entrainment of settled dust deposits depends on a number of variable factors con- 
cerning both the internal structure of the wind and the composition and structure of the deposit 


Owing to lack of understanding of the nature and magnitude of cohesive forces between fine particles 


quantitative knowledge is confined largely to the entrainment of particles bigger than 80. by steady 
parallel fluid flow. 

Under steady conditions the determining property of the wind is the drag it exerts on the boun- 
dary surface of the deposit. This drag can be inferred from measurements of the velocity gradient 


The threshold wind gradient at which the deposit surface is disturbed decreases with particle size to 


a minimum of about 100u. Its increase as the size is further reduced is due in the first instance to 


the effects of air viscosity. But cohesive effects soon become dominant, and seem capable of increas- 


ing the resistance to disturbance indefinitely. Deposits of fine powders can however be readily 


dispersed by the ballistic impacts of dust particles larger than 1004; and locally by previous mech- 


anical disturbances which have caused sharp edges of the deposit to protrude into the wind strean 


THE apparently simple question, * at what wind speed will a dust deposit of specified 
particle size begin to be re-entrained?”’ cannot be given any answer. A great deal 
more information is needed both about the wind and about the dust deposit 

The air flow needs to be defined in such a way as to enable an estimate to be made 
of the maximum fluid impulse likely to be received by the least secure of the exposed 
dust grains. The mean speed measured elsewhere is no criterion, any more than the 
wind measured at an aloof meteorological station is a criterion of the strength of the 
gusts experienced at a given point in a town street. 

Information about the dust deposit needs to include not only the grain size but the 
proportionate distribution of the different sizes present; and also not only how the 
exposed surface is orientated to the probable direction of attack, but how the shape 
of the deposit surface may itself create its own gustiness in the local wind. For 
instance, a deposit settled out of the wind in a wind shadow behind an obstacle may 
need a considerably stronger wind from the same direction to disturb it than would 
be needed if the wind, or a single gust. came from a fresh direction. And a deposit 
in the open would need a stronger wind if its surface were smooth and streamline 
than if the surface had been broken up by wheels or by boots 

Further, and often most important, we need to know the degree of cohesion 
between the grains in contact with one another. In the case of fine dust cohesive 
forces may well be of a different order larger than those of gravity. And the cohesion 
may arise from a variety of causes, physical, chemical and biological. 

Even with all this additional information the answer could not be relied on in 
cases, for the question omits to state whether the wind itself consists entirely of air, 
or of air containing oncoming solid grains whose impact with the dust deposit may 


play a far more important part than the fluid-dynamic impact of the ait 


Few of the above influencing factors are capable of quantitative definition and 


measurement. So the original question cannot in any case be answered with pre- 


cision. Some useful ideas about how the various factors enter may however be gained 
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is achieved by an individual random buffet the grain receives from a turbulent eddy. 
But around each exposed grain there exists a thin fluid layer in which the motion of 
the fluid is viscous. The thickness of this layer is of the order of v/u,. Here v is the 
kinematic viscosity of the fluid (v = 0-14 in c.g.s. un! ir at 20°C) hus as the 
surface grains are made smaller, they begin to be entangled and are finally submerged 
within a continuous viscous boundary layer. When wholly submerged they are pro- 
tected from the buffetings of the turbulent eddies. The fluid drag is then uniformly 
distributed over the surface, and individual grains are therefore less easily disturbed. 
Another closely associated change takes place when the grain size is reduced below 
80 to 100u. The density of the grains is of the order of 2000 times that of the air 
[he inertial effects of sand grains, the average of which is say five times as large and 
therefore 125 times as massive, greatly dominate over the effects of fluid viscosity 
Once set in motion by the wind, sand grains, gathering speed, behave like bullets 
On descent they impact so violently upon the surface grains as to splash them up 
into the wind stream. In consequence other grains also behave like bullets, and so 
on. Thus the chance disturbance of one grain sets off a mechanical chain reaction 
by which many others are disturbed. Moreover the surface, if previously smooth, 
becomes pitted by innumerable tiny craters 
But the viscous effects increase relatively at a rapid rate as the grain size is reduced 
Below about 80, fluid resistance to grain motion is relatively so large that grain 
impacts with the surface fail to disturb other grains. The chain reaction ceases 
The change is manifested by a sudden and very pronounced transformation of the 
sand ripple pattern to a new pattern identical with that seen beneath a flowing water 
stream. (The quantitative dynamics are discussed in BAGNOLD (1956).) 


Hence as we reduce the grain size below about 80, air viscosity has the dual effect 


of (a) reducing the chances that an individual grain will be disturbed by direct fluid 
action, and (4) preventing the disturbance of one grain by the impact of anothet 
When all the grains of a deposit have a diameter appreciably less than 50 to 80, 


the effects of cohesion due to one cause or another can no longer be ignored. This 


VOL. 
2 
59/60 


R. A. Bas 


' he can in out 
ike ‘antitative study of the threshold condition very difficult The gay yu 
h vled sgested by the broken line in Fig. « 
} 
But t I ving expel nt shows that a reasonably streamline suriace OF very 
g eX] I 
} 
d -esistant to disturbance by wind. When a smooth (uncompressed) 
dey t vder is spread over the floor of a wind tunnel, U vind can b 
lt nt t ol 20 ft sec | ured at 10 cm height. wit out any 
‘ { 
f the surface (BAGN 
powders Ca however De y disrupted whe previo ec 
I Ca as itp ages ytrud ) d trea | 
I I irp-edged ho id n the deposit Dy d pT i 
‘ ry] d h j ya < 
n lief nteorating int nuff L 
Bul : i come I naed |! further disruption takes plac 
\ in plateau. near ound ice ¢ 
4 
ily powde I any places y a nd O etal Mot 
e pila gay Oo a 
flock of ep. | r feet make erable litt arp-edged ho 
ig ible to tear of After 1 flock has passed iga 
‘ ‘ led h denosit aturalls dd Vi 
ind gael i 
honds 
tw } ‘ ne | ivna 
dD ry ditiere ine Ca i 
| mher vy b ta 
it iw tu | Mac ‘ 
du ynal pi ure gradic e \ aeravdik 


The Re-entrainment of Settled Dusts 


sudden impact of a gust upon ourselves. Experiment on these lines would se 
important, with a view to establishing the truth or otherwise of one’s instin 
notion that a sudden * pouf ” is more effective in dispersing dust than a 

In conclusion I would like to emphasize how little we know about the cau 
effects of cohesion between fine particles. Consider for instance thi 


example. Let a sample of clean grains of any chemically inert solid materia 


quartz be placed, either carefully dried or else wholly immersed under wat 


test tube. And let the tube then be gradually tilted. Whatever the mater 
grains larger than 100. will avalanche with movement between 
when their free surface exceeds a constant and repeatable angle of 
30° and 40 depending on the grain shape. But grains of the same m 
than 60 to 70% will not avalanche. The free grain surface will stand as a cl 
vertically; and collapse will take place by the breaking yf discrete pie 
No satisfactory explanation of this marked difference in behaviour has 
suggested 
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of catalytic combustion in the elimination of organic vapors were discussed respective 


sentatives of manufacturers of the two types of equipment 
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